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PREFACE

The Oceanographic Education Ceunver hes ccapilced this scries of
papera to aid teachers in organising a course in oceanography for high
school students. The topics included are intended to give a dalancod
coverage of the sudbject matter of oceanography and, used in conngotion
with the references, the book contains enough material for a one
semester course. Topics have baen soloctod fron those listed in 4n
Oceanographic Curriculum for High Schools: Outling, written by R. W,
Taber, L. R, LaPorte, and E. C, Suith of tho National Oceanograrhio
Data Centor and published by the U, 3. Naval Oceanographic Office in
1968, and the content of eurh paper is based on thoe outline given
theroin,

In presenting the course to high school students, tho teacher
should make every attempt to inolude as much laboratory and field work
as possible., Although we know nf no high school oceanography ladboratory
manval, we have feund that exercises from courses in biology, physics,
cheaistry, and earth scicence can often be adapted to the purpoce., An
idea of how this can be done might be odtained from reading the ex~

ercises contained i1 Ap Q¢sanographiS Field Courgs fox fha Bigbih Orade.
wvhich is also published by the Oceanographio Education Center.
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1. INTRODUCTION TO OORANOGRAPHY

by Suean Hubdbard
¥cods Hole, Massaohusetts

e
L : oo

Every advancc 1n our knovlodgo of tho sea makes the 10-
terdépendence more and more apparent. It 48 not likely that
. we shall soon see any general abandonmunt of this oconcept of
. Qoeanography as a mother scienocs, the branches of whicdb,
" though retessarily attacked by different diooipltnoa. are
.. intertwined too oloaoly to bde torn apart.

Ceeaeeeim e e J " Henry B. Bigelow

. .
[
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Definition of Ooounography: Its Rarly Begionings .

Voer -
N

In its broadest sense oceanography is the sofentific utudy of the
ocoano and of the 71 percent of the earth's surface that 1ios beneath
thea, It is composed of several disoiplines inoluding physics, chemistry,
geology, and b10logy which, in olose cooperation with one another, seek
to desoride, interpret, and predict the complex pxooosool that ocour
within the oceans.’ ~

Qosanogreaphy does not have the charaocteristics of a universal -
soience as d0es physics, vhose lawd are true in all places at ali times.
Rathdir, 1t 48 more 0losely allied to the earth soiences;, and fts law-
1ike geaeralities apply to a specific dody of water at a particular tiase,

The interconnecting body of water, or World (cean, that covers #0
auch of the savth has bdeen divided, for convenience® sake, into thres,
four, or five occans, depending on the system of nases popular at the
acaent. In addition to these open-ocean areas, whioch include the Ritlaatio,
Pacifio, Indian, Arotio, and Antarotio, oceanogrephy ia also otoncerndd
vith smaller, adjoiring bodlea of water such as seas, gulfe, days,
straits, fjords, and estuaries.
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In the study of this vast amount of water, covering 120 million
square miles, biological ocesnographers concern themselves with plant
end animal 1ife in the sea; geological ocesnographers consider the
struoture and formation of ocean basins and sediments; physical oceano-
graphors study the physical proporties of sea water, waves, tides, the
distribution and circulation of water:masses; and chemical oceanographers
study the sea ae a eolution containing traces of all naturally ocourrring
elemente. . L

The raletionships vetween thace disciplines are not atetio and their
changing patterns reflect the wide variety of probleme conaidered by
oceanographars. What conbinetioné of talents tonnorrow 8 problene will
encourage are hard to predtot but it seens probeble that some form of
cooperation will continue ae long a8 the study of the ehanging eea cona
tinues.

Our understanding of the oceans has uaually been acquired by a long
and costly procedure which beging with a oruise on vhiep a £reav deal of
data are 00llected. Later thie infornation is procedsed and enelyeed
and certain regularities aay become apparent, as well as certain notabdle
exceptlone. It is 1ntereetln3 to note that the time and effort 1nvolved
in publiehing solentific roports are great {n proportton to that expended
on the oruiee itself. The results from thé well-known Challenger Bxpe-
dttion (18741876} were not cospleted until 1895 and studies sre otill
being made on the collections, T '

As analysis of tha data collected at sea proceede, hypotheeee are
advanced that try to explain why thinge exist as they do. Nost often the
learning process stops here and the tentative hypothesis decided upon
standa until another expedltion drings back data vhieh euggeet ah eltera
nate explanation.

.. Theories concerning coral reefe. tor exenple. heve had a pertieulerly
eolorful. and at times unstable. hietory. Charlee Dervin'e theory ef
sudbsidance, or of slowly elnkinc;voleanic ielande around vhoee periphery
ecoral reefs grow, was proposed in the mid-1800'a and based on obeerve_tiepe
sade by Darwin aboard the eurveyiné ship Beagle, Several deeedee 1"'3&

. t-‘
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soientists aboard th&'challenger, expressed coubt that all the reefs they
had observed could Se'explained by Darwin'a theory. Further inveatigationa
by the noed American naturalist Alexender Agaesiz led him to propound a
very different thsory which involved_the elovation rather than the sinking
of islund areas, . )

Opinion asee-sawed back and forth between conflicting theories until
the 1940's when deep holes drilled {nto Einiwetok in the Marshall Islania
(in conjunction with nuoclear weapons tests there) penetratad a coral
carping no?e than 4,000 feet thick before hitting volcanio rock. This up-
held Darwin'e theory of subsiding volcanio islands which, after 100
years, is back 1n vogue. |

Dr. Henry Stommel, a‘physical oceanographer known for his work on
the Qulf Strean. hae pointed'out that this prourss involving observvation,
analysis and tho postulation of theories too rarely coapletes the oycle
by inoluding an experiment,: auch as the Biniwetok drilling, denigned;to
prove or diaprove the hypotheaia.(7) g

. In pany arces of oceanography, howover, such a geoisiVe experimont
is difficult to set up, and our understanding of the asea rarely attains
the degres of cartainty sought aftor by physiocists and.dheniets.(7)

The ability to test ooeanographio theories has been helped, and in
80R¢ Cases uade poueiblo, by tho advent of cdamputers. Tho tidal theory,
for yxanplo. which must take hundrede of variables into account advanced
vory‘Eittlo in the 50 years following Sir ¥Willian Thomsor.'s (loxd xolvin)
conoep?iof‘Iho tide predioctor devised about 1872. Computers, programsed
to oxooutc time~consuming mathematical problems, have enadbled dcesnv-
graphers to revexamine and refine this theory and predicuone hay be
made with greater accuraoy, | s
.1, AnOther approach to the toating of oceanographic thcortta is t5 dufld
a nodcl simulating s ciosely as possible the eonditiona being studied
in the ocean: 1In tho 1890's, for exdmple, Otto Pnttorcson. a chehist who
believed that the main driving force of the North Atlantic currente was
the nelting of Arctio ice, set up axperiments in an aquarium using theee
tons of ieo.(6 At the same time scientists who boliovod that winods
exert a far greator force built aodels in whien curr*nte vere simulated
with blovers and fans.
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| Oceanography is usually said to have begun with the sailing of the
British ship Challenger in 1872, on a three and & half year expedition
around the world. The cruise, undertaken to "investigate all aspects of -
the deep sea," was a great success and enough information was obtained to
outline.in a genoral way the nature of the oceans. Most of the obserw
vations were made with such accuracy that the results mainteinod their
usefulness amidet a flood of additional data collected by other nations
Prioi to this expedition the depths of the sea = which somo thought
to be gathomleee and others imagined to be quite shallow and monotonously
flat - were’ considered uninhabitable. The depths wvere pictured as a cold,
black zone of absolute stillness and of incredible pressure in which no
lifa of any kind could exist. This belief began to be challenged -af.

:'sounding lines brought up strange starfish, worms, and other creatiires -

from great depths. ' : L e
In the 1860's many deep eoundings were made between Ireland and Neu—
foundland to seleft a suitable route for a submarine: telegraph cable.
At the same time that ecientiSts'began to suspect that life existed

in, the deep sea, Darwin s theory of evolution (publiehed in 1859) motivated

geologiste and zoologiets to search for the missing linke that would, connect
fossile to present fofms of life for it was believed that a progreseion

,_of forms could be found, marking the varioue etagee of evolution. ma

Since the deep sea was. then considered to be a changelese snvironment,
it was logical to suppose that creatures living there had not ohanged much
through tha ages. One of the main reasons for sponsoring the’ -‘Challenger

Expedition was to find this hypothetical community of living'fossils. In
this effort the scientists wero dieappointed althbugh the expedition is -

credited with the discovery of close. to 4 000 new speciee. N
In this country the motivation for early studies of the sea came more
practical coneideretions of navigation than from the intrigUing questions

“posed . by. natural history. Matthew Fontaine Haury, euperintendent of the
Névy's Depot of Charts and Instruments, instituted a plan in 1842 where~
'uby he received jnformation on winds and currents from ship captains in '
" ~eturn for coptes of the Wind and Current Charte of the North Atlantic

S TR I
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published by the Depot. In this way Mairy-collected a yast amount of
information and in' 1855 published the first.English language text on , .
oceanography titled The: Bbx.ej.._al Q.egzmm!. of the Sea.

Phases in Oceanography

I.ess than 100 years have passed since oceanograpﬁy becane a re- .
cognizable field,.yet in this short time it “has pasaed through at lqast s
three phases to . emerge as the high-powered, high priced ‘example of "big
science" that we speak of today as oceanography or oceanology. o

Using a prominent physical- oceanographer 8 teruminology, oceanography
opened with an "Eraof Exploration" which began with the voyage of thp‘”_
Challengor and extended until the beginning of World War.I in 1914. _
Oceanographic expeditions during this pariod‘weféﬁcharactarized by long,
independent cruises during which observations weré‘ﬁade at widely-spaced
stations or stops along a route that circled an ocean or even the world,

The ability to collect accurate data at this time depended largely
upon the design of ‘the instruments being used. - Vhen the Chgllenger put
to sea the soundings for charting the depths of the oceans were made by
lowering weights on the end of a thick hemp line. Especially in waters
several miles deep, th:a p*acadure took a great deul of time and was
susceptible to several sources of error. o

' The Qhﬁllg_gg;_was equipped with a new sounding machine, deaigned .
by Lord Kelvin, that used piano wire instead of hemp, out the reel .
collapsed on the first trial and it was not used agein during the ex-
pedition. A successful model wﬁé installed and used aboard the U. S. ‘
cable ship Tuscarora in 1873. The use of wire was extended to travling.
and dredging operations a few ysars later aboard the Coast Survey ... .
Steamer Blgke. o . .

- Prince Albert I of Monacp was an early oceanagraphsr whose con-
tributions included new methods and equipment:ad’ well as the- colleotton )
-'of data and tho establishment of a museum, labs, snd a teaching facility
in Paris anéd Monaco. - - - .

I
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The prince built several pelagic or mid-water trawls for the colleotion =
of fish and other swimming organisms. He also added to Lis collections = |
especielly of cuttlefish - by shooting whalea and examining the contents

of their stomachsifor, as was then atate{b "the vhale is still far ‘more
capable of catching living mdrine creaturea than any scientific appliance
hithorto invented."t?

In spite of considerable efforts the oceans were very thinly covered,
scientifically, by the end of the 19th century. Entire submarine mountain
ranges existed undiscovered, for adong the few cruise tracks that croseed
them, soundings might only have been made every sevéral hundred nilee.‘
Only in the 1920'e when radio acoustic position finding and automatic echo-
sounding became available could knowledge of the deep—sea topography ad-
vance from the general to the particular,

This early era did, however, provide the.information needed'to ‘ ".‘ . el
formulate a general idea of the ocean basins, the water masues "that ‘ '
¢irculate within them, and pthe plants and animals that live at every depth.

At the turn of the century a group of Scandinayian ‘0ceanographera
eapecially interested in extending the theories of physics to the phenomena
of the sea developed a new approach to ocean studies.  Instead of a single‘“
large vessel putting out to sea for soveral years they began to use smaller
ships fer numerous cruises, several of which might retrace the sgme cruise .
track but at different seasons of the year. Stations were spaced quite
close together and a degree of detail was acquired not possible with larger
expeditions. h

In 1890, for example, Otto Petterson studied the seas west of Sweden _
with five vessals in: order to obtain a clearer underatandir.gz of the dis-
tribution of water nmasses and currenta. It had been found earlier that -
economically impontant schools of herring fevored a partioular water maéa;—“
that is they tended ‘to stay within a large voluwe of water of narticular _____
temperature and salinity. The accurate predictions of the seasonal pove-
menta of this water mass would be of obvious bensfit to fiahermen.(e) .,q

Thiu tyre of more or “1eas continuoua investigation of a body of water, )
known a# the eyatenatic approach, deyeloped,ae‘ﬁhe,atudy of the oceana_ ‘:

prograssei from a;ptédOminantly'deaoriptive approach - whereby general o
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characteristics are desoribed from data gathered ‘on independent cruises LIS
to a dynanic approach - whereby the oceans are regarded as continuously .
chapging and measurements must be repeatsd to reflect tho changes,
AlBO. indicative of the changing approach in oceanography was the
establishment of several international organizations for the co-operative
study.of .the sea. Best known among ‘thése 13 the International Oouncil,“
for the Exploration of the Seas (ICES) organized in 1902, Its primary .
purpose was the collection of data pertinent to fisheries' regearch, but ,
in view of the close inter-relationships among the disciplines in cceano-
graphy it was inevitable that the council's work would advance the sciences
of the seas in ‘many areas. This interdependence was expressed in the
proposals presented at the first ICES meeting. 1t vas, at that. time,
suggested that .

ERER N

Periodic and simultaneous ‘scientific ‘obaervations {be made]

'four times & year, on the. salinity of sea. water, it tempervrature,

its content: of. ?ifferent gases, the quality and’ quantity of the
_‘plankton s ¢« « Land upon] the system 6f currents, because upon

them depends ‘the variation of the. plankton, the food of fishes

i« « and also the appearance and disappoarance of migrant

fishes, and upon temperature of the sea on which depends the

climate and the weather in tne countries bordering on the

North Sea. L o

ey o, ..
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Systematic investigations.proved to be an effective way of studying
snaller seas and by the 1920'5 ﬁaﬁy nations beéan using this approach -.:-
to study larger areas of the World Ocean as well.

The gecond period in oceanography, which Georg Wiust calls the
“Era of National Systematic and Dynamic Ocean: Surveys," extended appromi-
mately :from the time of the well known German Atlantic Expedition aboard
the-Moteor in 1925 until the beginning of World War II in 1939.

This.period was oharaoteri;eeioy single research vessels steauing
" bsck and forth across an area in ordsr to cover it with a network of
stations, The Meteor, for example, crossed the Atlentic 14 times
occupying. many svations on each trahsect.' At each of these stations sub-
surface measurements of temperatsre, oxygea content, salinity and other

L
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characteristics were made at regular intervals all the way to theldeep-
sea bottom. The cruiee is also credited with being the first to system-
atically employ an echo-souuder-although at that time the range of the
instrument was limited. n

The example set by the Meteor was followed by many other countries.
From 1932 to 1934 che British ship Discova.y II systematically etudied
the Antarctic Ocean while after 1931 the newly acquired Atlgrtis, belonging
to the Woods Hole Ocoanographic Institution, undertook detailed studies
in the western North Atlantic, :_‘ .

Many cruises wers suspended duriné'World War II although the war

did a great cdeal in other ways to push oceanography from a loosely
organized 'general science of the seas" to a more cohesive assault on
the last frontier.;' K CuE . "“?w,
with weather conditions and Forecasting as well as with certain surface nﬂl:
vhenomena such as currents, winds, and waves, During‘the firet years of
the war the emphasis shifted towards subsurface measurétents as many N
vays wvere found to apply oceanographic knowledge to submarine and anti-’ Vo
aubmarine warfare. Even the noisee of the sea made by fish and other a
organi.sms, were ‘studied, . for thet snapping and ohattering night
camouflage sounds ‘emitted by submarines. 3 . L

Data from'the.sea eurfade continued to be important and work was
done on wave prediction and coastal surveys, especially as these were
relatad to amphibious 1andings. o Cr e i

The technology developed during the war introduped many new methods e
and. imporved instruments into the study of the - -8eay such as precision e
depth: recorders, piston coring apparatus fcr taking long, unbroken’\f'
sampies of the bottom'sediments, ond seismioc reflection.and Fefraction .
techniques for obtaining orofilos of the structure undé?lying the eedi-'“'
ments, In addition, the range of ckassical methods of serial: measurements -
water samplers, reversing thermometers, plankton nets, gtc. ~ was extended
to greater depths until even the deepest trenches could be sampled. o

These innovations issued in a "Puriod of New Maxine Geologlcal,

Geophyaical, Biological and Physical Methods," which lasted from 1947 to

8
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about 1956, As the name implies, geological and geophysiocal oceanography
0 aggumed places more nearly on a par with the traditionsl investigations
of a physical and biologicai nature,

" Even with improved techniques most data were still collected by
single vessels during this pexiod. A significant changu took place when
the International Geophysical Year; a program for the coordinated study
of many aspects of earth eciencee including oceanography, got underway

in 1957. The study involved ships €rom many nations and exemplified the
R character of the most recent phase of’ oceanography.. Thie, the Y"Period
of Cooperative International Research,“ has inocluded programs organized
for the 23-nation Exploration of the Indian Ocean, the International Co~
operative Inveetigatione of the Tropical Atlantio, cooperative fishing
: studies, and the creation of World Dats Centers.. Since 1960 many of
- ;these activities have been adminietered by the Intergovernmental
Oceanographio Commieeion. an organization under. UNESGO,
Multi-ehip studies enable oceanographiee to study the sea more
. nearly as a syetem rather than as a series of properties artificially
separated from each other, These synoptic’ ‘atudies, as they are called,
L2t . analyze & wide variety of data which are gathered by numerous oceanographers
Ahiie . at approximately the same time, Many new relationships between the wind
beo.and waves, temperature changes and fish movements,- deneity gradients
.- .and current patterns becams apparent ueing this .method of iuvestigation.
The oras’ or "periods of oceanOgraphy ‘areé not rigid divieione. Single
~~,research veeaele today continne to inveetigate all. parte ‘of the ocean -
in faotg in any period inveetigatione ai'e carried out that more ¢losely
. £it the description of another eras e BRI
The progrees in oceanography, like that in any eoience. is a round
- robin in which new techniques expose nevw questions to be answered and
‘i . these in turhrequire new methods and instruments. It is difficult to
‘predict the dirsctions that future inVeStigations will take, dependent
as they ge on the scientific and economie questions a generation feels
are important, the:teghnoiogical advances that allow‘certain studies to
be made, and a battery,ormeqﬁaily‘elueiveaungggzgglqu

‘»("‘. B fe -..‘_‘_:‘___‘
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One thing, however, is fairly certain. The rate at which oceanography
advances in this country will be lurgely dependent upon the federal
government's eValuation'or that science's importance to national defense
and prosperity. In the President's 1968 report to the Congress on Marine
Resources and Engineering Development emphaeis was placed on the con-
sideration of a fundamental question: "What portion of the Nation's
energy and wealth. should be devoted to ocean endeavors, and how?” The

future of oceanography will directly reflect the ansver that is given.(3),

o Preeent Status of Oceanograpny in the United States

As our xnoyledge of the seas grows and becomes increasingly accurate
more and gore information is found to be applicable to epeOifio problens.,
Cceanography. is becoming useful.,gl L .

Oceanography s first beneflciaries were probably navigators, fisher- |
men in. partiqular. Later, industries were established based on informationq_
cdllected by:oceanoéraphers. Plants were started to entract salts and
other produets from the sea, and:0il and gas prospectors depended on
oceanographic knowledge of the continental shelf to select drilling sitee._.
By World War II the field -was no longer the special province of re-
searchers and profeesors but had been claimed by bueinessmen and to a
greater extent by government interest, It is in each of these three areas =
the realms_of_univerEities, the federal goveérnment, and private business -~
that oceanograph} is advancing today.

. Most of the basic, non-mission oriented research in oceanography is..
carried out in laboratories and on ships affiliated with universities
using. funds coming in the :most part from thé:federal government. )

-In 1957 a lisv of inetitutions ir the United. States offering instruction
intpost aspecte of nceanography included five names.(g) The 1969 -
Qeeanology International Yearbook lists 65 (for 1968), Thesé 65 -nstitutions
also handled 913 research projects vith a total of 833 3 miliion; 8

Since the early 1800's the federal government has concerned-itself
with the fields that were to become part of:oceanography. The Coast Survey,
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forerunner of the Coast and Geodetic Survey, vas inaugurated in 1816
.., and provided the Depot of Charts and Instruments with the information it
| needed to plot coastal charts. The Depot (now the Naval Oceanographio
'tOffice) was established in 1830 to provide America's rapidly growing
fleets .with aids to navigation. ' ,
: ~Since those early beginnings the most rapid advances in oceano~- -
Igraphy seel’' to be connected with wars. During World War I the National
Regearch Council was established, and during the second World War both
the Raticnal Deferise Research Council and the Institute of Navigation
were organized. 'These groups saw that the best scientific talent in
the country was brought in to advise the government on wartime.pFleemss
A great deal of research was accomplished during war years.(5) S
. At presen% the Interagency Sommittee on Oceanography (ICO) co~-
ordinates the government's oceanographic efforts, spread as they are-:
thrqugh at least‘a dozen different agencies, oy
The biggest spender in oceanography is the Department of Befense s
which includes the Nagy and its $2 villion~plus budget for submarine and
anti;submarine warfare, In adoition to this,-more than 30 percent of
the government's multiumillion dollar budget (not including the anti- . .
subrarine figure) is spent on defense.(z)_ ‘The Army Corps of Engineers..
ie also within the Department of Defense and the-majority of its funds- ' -
is spent on the protection of beaches and coastline. | A
The Department of the Interior, including the Bureaus of Commsrcial
Fisheries and.-the U. 3. Geological Survey, is the second largest spender,1<
on oceanography in the'government. The Office of Salineuwater is also .
in the .departmént and concerns itself with the problems and possibilities.'%“
of desalinization projects. e "
Within the Department of Commerce is the recently formed Bnviron-
mental Science Services Administration (ESSA). Several branches of
the department, inclnding the éoast and Geodetic Survey and the Weather.

Bureau, will be co-ordinated under ESSA.. The ‘new organization has two, .. . i-

modern research vessels,'tﬂe Discoverer and-the Oceanogravher, which will
take part. ip. project SEAMALP, a systematic attempt ko chart the sea floor.
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. Other agencies involved in ocean activities are the Coast Guard,
c.which maintains the Ice Patrol, and the National Science Foundation,
.~ wnich administers grants to many universities, laboratories, and graduate
students,
As of 1967, there were at least 1,000 private companies engaged in
some aspect of oceanography in this country.(2 Most businesees can be
. grouped into one of two categoriem, Eitiner they are divisions of large
corporations; or they are small specialized companies. Within”both.
further distinction may be made betWGcn businesses'deaiing direct}y
. with ocean exploration or explojtation and those acting‘as the support
.,j. force for the former by providing them with the vest array of necessary
' instruments. . .
!¢ Among large corporations now, interested in the sealmany have worked
-an aerospace projecte and have found it tempting to apply that field's
technology to the problems of oceanography.
N Within General Dynamics,.for example, is the Electric Boat Gompany,
.builder of several well-known research submersibles. ,"
Westinghouse in addition to puilding the diving saucer _ggg,ggg,
.has also established a new lab for man-jn-the-sea and other tests.

By

Union Carbide is the parent organization £6T the successful Ocean
Systens company, which specializes in providing working divers for a
variety of deep Joba. The compahy has recently begun to operate the
- Iresearch submersible Deep Diver, shich allows a pair of divers to leave
and re~enter the submarine at depths down to 600 feet, ) ;
Ugj Included in’the category of support. industries are hundreds of small
inetrument and engineering firms, lccated for the most part along the
northeastern and southwestern coasts close to major- research facilities.
Not considered in this brief ‘qutline are-the’ tndustries connected
with shipping,naval architecture, and . commercial fiahing. '
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;qﬁ.f 3dceanography has been briefly described as an observational sarth

science characterized by a considerable degree of cooperation among its
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branches, Its early history is connected with the questions posed by
natural history and the theory of evolution, practical problems of
navigation, cable laying, fishing, and later with theoretical phyeics.

It has also been noted that ‘résearch.ip. being carried out by uni-

T
.J-

versities, goverrment agencies and private businesses.
In the following weeks basic information concerning the ocean
basins, the water masses, oceaﬁ“ctrculation, and marine life will be

vresented. Most of the course material has been taken from d£301plines n

traditionally inclpded.in oceanography, such as physics, chemistry,
geology, and biology. In addition, ‘the’ ‘techniques ;of. oceanographic

data collection and some applicatibns of this know1°dge will be studied.- ER

t
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2. GEOLOGY OF THE OCEANS

Geoffrey Thompson

wOods Hole Oceanographic Instltution
Introduction

The séience of geology is usually defined aé the study of the earth,
but in fact, until recently, it has been largely limited to the study of
the continents. However, many of the rocks exposed on land were once
fofmed beneath the sea, and thus the paradoxical position existed in
which geolbgists knaw more about the ses floor as it existed millions.
of years ago than they did about the presenf ocean floor., Within the
last century our knowledge of the sea floor has rapidly increaced, and
the concept of marin; geology ~ tho study of the present ocean floor -
has evolved. _ .

Marine geology is not a unique or isolated science, a knowledge of
© classical geology is required togethéf with a knowledge of the inter-
disciplinary concepts of oceanography, The tools the marine geologist
uses8 require a knowledge of physics and mechanical engineering. The
distribution of sediments, the composition of the skeletul parts of or-
ganisms found in the sedlments, the nature of topographic features found
on the sea floor, and the interaction of sea and land require an under-
standing of ocean currents and waves, the chemistry of sea water and the
biology and ecology of organisms in the sea. This interdigitation with
oiher sciences makes geology especially attractive as a means of teaching
‘general science és well as earth science.

It should be stressed that this chapter represents only a guide to
the teaching of marine geology and i8 not a comprehensive coverage. It

purports to outline some of the main concepts covered in marine geology;
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it should be used with the listed references . s. that a more detailed and
conprehensive understanding of any single conepi can bo made. The exciting
feature of marine geology is its youthfuiness, the many unknowns and prob-
lems that remain to be solved, and the challenge it presents to geologists
both to obtain and to understand ithe significance of ssmplea from the sea
floor.

Since man first launched boats and sailed on the waters of the sea
he has tried to discover what 139 benecath the see. Some knowledge of the.
depths of coastal waters was quickly accumulated, but nothing of the deep
sea bottom was known until very recently, although attempts to sound the
bottom have been recorded. Megellan tried to sound the bottom of the
Facific, but as he only had 200 rfathoms of rope he wae unsuccessful. By
the early 19th century geologists were aware that the continents were
rirnmed by a shallow region of sea floor with a steep lip descending to
unknown deptha. The 1840 3ir James Clark Ross made the first deep sounding,
using hezp rope, and recorded a depth of 2425 fathoms in the South Atlantic.

In 1872-76 the famous Challenger Expedition took place and the first
comprehensive collection of sanmples from the deep sea was made. These were
studied and descrived by Sir John Murr:y, one of the naturalists aboard the
Challenger and later the director of the Challerger Office. in collaboration
with the Belgian rineralogist tre ,pve Renard, and together they pudlished the
firat general description of the deep sea flcor in 1891 as the penultisate
volume of the Challerzer Reports. After the Challenger Expedition many
other voyages were mide on which soundings and samples were taken. However,
the process of taking iead line soundinés was laborious and time consuming
and knowledge of the nature and topography of the sea floor accumulated
slowly.

During Vorld %War 1, the technique of determining the depth by echo-
sounding was developed. In 1927 the German vessel lete¢: wade the first
full scale expediticn using the new technique and the detailed nature of
the sea floor at last tegan to be revcaled. Until tais voysge, in spite
of the sany isolated soundings zade, most geologista thought of the sea
floor as essentially flat and regular with only a lisited nuader of features.
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Sinqe the Matgor, many navy and oceanﬁgrahic institution vessels of different
countries have continued to map ths sea floor and collect sampies. The
exten. of flat, regular features shown on maps has graduslly decreased

and now good and relatively accurate maps of the major features of the

. sea floor are available (see References and Figures 1 and 2). .

In addition to our growing .nowledge of the topographic features of
the sea floor, the many samples of rocks and sedimenta recovered have in-
creased our understanding of the nature of the ocean floor and the pro-
cesses occurring on it. Geophysical measurements have greatly increased
our knowledge of the structura and properties of the earth's craust be-
neath the sea. Some aspecis of the vurious tools used and measvrements
made by geologiste are discussed in a separate section at the end of this
éhapter.

Surface Features of the Ocean Floor

The earth's surface is very irregular with a difference of 20 kn be-
tweea the deepest and highest points. Berause of gravity, water acoumlates
in the low areas and covers mos*t of the earth's surtece, approxiuately 0%
in‘fact, or 510 x 106 an_ The continents and their islands divide the
hydrosphere into three oceans; a natural boundary is nat p:iresent in the
southein hemisphere . ere the Antarctic wvaters connect the Pacific, Indian,
and Atiantic Oceans. The three oceans can de contidered to begin at the
southern tips of the three main laad masses. Adjacent seas are formed
where land passes or island chains separate certain oceanic areas from
open ocean -« they are called marginal seas where they form an identation
in the continental coast, and mediterranean seas when they are enclosed
to a large extend by hand.

For.the oceanogre her, the main interest in the topography of the sea
floor is that {t forms the loxer and lateral boundaries of the water, The
presence of land barriers, sudbmerine ridges, or other features that fapedeo
the free flox of water will affect the patterns of circulatfon and prop-
orties of water masses, and the distridbution of earine organisns. The
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'geologiat ia concerned with the topography of the sea floor because featurea

on the earth's surface 800 of ten an expreseion of forces taking place. or
having taken p\ace, in the earth's interior, aud the natura and distridution
of sedinments on the sea floor s closely rolated to the topography.

A common method of representing the character of the rertef of.the
6. th's crust is b ute a hydrographic curve - this is oimply a curve or
graph.shOVIné the area of the earth's solid surface above any given level
of elevation or depth. Such a curve is shown in Figure 1. It should be
noted that the hydrographic curve is not an actual profile of the land
surface and tho sea botton because it represents merely a summation of
areas betweon gifen depth levels wi .hout reference to their location or
the spatial relationship of elevations and depressions. Actually the
highest mountains are commonly near the coants, and tie deenest depressions
near the continental cargins and not as shown in the hydrographic curvae.

In general, the frequency.distribution of the depth‘interval is the same

in each of the three oceans. Four of the mein morphological gones of the
oceans are represented in the hydrugrsphic curve - deep-sea trenches, deep-
sea basins, the conitinental alope.’and the continentnl‘shelf.‘

Good physiographic diagrams are now availadble (see References) and
should be used to indicate the variability of tOpOgraphy and the relations
of the main m01phologica1 features. Figures 2 and 3 exenplify these a8~
pecte. Some of the major features are discussed below.

A. Trenches
< These are narrow, often arcuato depressions, most of which are _
situated on the landward edge of the structural limits of the deep-sea
basins. Figure 4 shows the distribution and rames of soxe of the prin-
c!pal deep sea trenches., The deébest points of the sea are fournd in

these trenches -~ 11,500 meters in the Mindanao Trench, 11,000 meters

in the Marianas Trench, and 10, 800 meters in the Tonga Trench. The
trenches often occur on the de2p ocean side of island agcs, and border
parts of the western coasts of North and South Ameiica. Seisaic studies
indicate that the trenches coincide with zonea of very frequent earthquakes.
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Figure 2, Major mc phological divisions of the North Atlantic Ocean., The profile
fs a representative profile from New England to the Sahara (oast,
(From Heezen and Menard, 1963, Reproduced by permission.)
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faults or fracture zones has offset the mjd-oceanic ridge westward
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mapped in the Atlantic. (From Heezen and Ewing, 1963. Reproduced
by permission.)
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Figure 58,

Efght ty?ical profiles of the mid-oceanic ridge in the North Atlantic.
South Atlantic, Ind.an and South Pacific Oceans. The smocth relief
across the crest of the mid-oceanic ridge in the South Pacific contrasts
markedly with the rougher topoaraphy of the other oceans. Profile 2 was
obtained aboard CRAWFORD and Profile 8 was obtatued aboard HORIZON, The
remaining profiles were obtained with a Precision Depth Recorder aboard

R.V. VE Vertical exaggeration of profiles {s 100:). !From Heezen
and Ewing, 1963. Reproduced by permission,)
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B. Ridges

One of the surprising discoveries of recent marine geologic

. studies has been that each of the ocegns has a large ridge running
almost centrally throughout. Many of the ridges are major relief
features of the earth as a whole, rising wore than 5000 meters above
tie adjacent sea floor and being more or less continuous for up to
60,000 kilometera, Figure 5 indicates the main features of the system.
Not all the ridges are centrally located with respect to the ocean,
though major portions of them are, nor are they all siu lar in topo-
graphy. They range from brcad, gently sloping risas to steep, narrow,
rough topography. In the North Pacific, the ridge system consists

of many narruw, steep sided submarine mountains; in the Southeast
Pacitic, broader and less rugged topography predominates. The Mad-
Atlantic Ridge and the Mid-Indian Ocean Ridge are Characterized by
elongate, nerrow, steep sided features and they are occassionally
seen abova %he sea surface as oceanic islends.

Numerous “fractures" or "offsets" of the axis characterise the
ridge systems. - Volcanic activity and earthquakes commonly occur a-
long the ridge axis: 1In many parts of the system the ridge axis is
marked by a central valley - often termed the "eentral rift valley."

C. Sesmounts and guyots

Submarinse hills and mouhtain features have been discovered on
pany parts of the ocean floor. Two of the moat spectacular and
commcy forams are known as seamounts and guyots. These submarine
features have a relief of 3000 meters or more - guyots bdeing dis-
tinguished from seamounts by their flat tops (see Figure 6). There
seers 1ittle doudbt that both are formed from volcsnoes errupted bdbe-
neath the sea = they are generally circular in plan and steep sided,
amd volcanic rocks have been dredged froa the sides of many. There
are eatimated to de 10,000 such etructures in the Pacific Ocean, and
theycommonly occur in the other oceans.
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The flat plateaus of the guyots are believed to have been formed
by erosion in shallow water or even above weter. Many of the sea-
pounts have shallow water sediments or corals on thekr summits. How-
ever, the tops of both the seamounts and guyots are often 1000 to 2000
meters below thz present sea level. The shallow water features of
their summits could be accounted for by a drastic change in sea level
in the past, but most geologists do not helieve such large fluctuations
in sea Xevel occurred. : They argue thut the seamounts and gu&pfé may

- have been close to, or even above, tue sea surface once and have sincs
subsided. Other evidecncs that subsidence d!1 occur comes from studies
of the coral structuras fo.nd on the summits of some seamounts and
.guyots; this is discussed below.

.D. GQoral reafs and atolls

The distribution of coral reufs and atolls in the 6ceans is
~primarily dcterained by water temperatures suitable for coral growth.
Coral reefs require relatively warm water and are thus restrictpd
geographically to the middle latidudes or the 20°C isotherm. Reefs
are of various kinds and are often found on seamounts; they are termed
. fringing or barrier resfs depending on their position and developaent
state {see Figure 6). Coral atolls consist of a ring of coral reef
growing actively on the seawsrd margin and enclosing q;{agbpn iﬁ the
-, center. Atolls, which are wmost numerous in the Pacific, are found on
the tops of guyois and seamounts.

The origin of coral atolls was once a problem which caused great
dsbate amongst geologists. Charles Darwin believed that the atolls
were forrmed from the simple fringing reef that originally grew around
an emergent island. This island subsequently subsided and a barrier
reef vas formed; as subsidence continued the coral growih maintained

. the sama rate as the sinking islend. BEventually the island submerged
and a reef wes left surrounding the lagoun that was located over the
forner position of the island. Other geologists bdelieved that the
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" seamount or guyot was either eroded by wave action or that a plat-
form was built by deposition to a depth suitable for coral growth.
The shape of the atoll with its lagoon was considered to be due to
the fact that the rnef building corals on the edge grew more vig-
orously than those in the center. Other geologists believed the

' shape resulted from changes in sea level during the glacial times.
(See Chapter 3 ).

Recent deep drilling and seismic studies on atolls indicate
thut coral rock extends to great depths below the ocean, though it
must obviously have started on a shallow platform. Darwin’a
hypothesis of sinking seamournts and guyots thus appears to be correct.

D. Continental margins

On the continental sides of the deep ocean basins and sep-
arating them from the continents are the foatures known as the
continental rise, slope and snelf. For the purprses of this review
they have been considered together in a separate asction (Chepter 3 ).
In fact they are an integral part of marine geolcgy and the o0%eans,
but they do have some unique features that can justify such an
artificial separation,

- Rocks of the Sea Floor

The oceans act as a large reservoir into which the products of the
erosion of the continents are carried via rivers, glaciers, and »inds
(and recently ty man). In sddition, after dexth, the skeletons of many
of the organisams living in the seas accumulate on the =ea floor. All
these rocks and mineral particles, including those derived from the or-
ganisms, constitute the sediments that cover most of the ocean floor.

Parts of the sea floor, particularly ste2p slopes such as seamounts
or parts of the mid oceanic ridges, are not covered by sediments, and large
rock masses are expssed. These are ignrous rocks formed by solidification
from a molten or parily molten state.
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Some characteristics of the sedimentary and igneous rocks found on

the sea floor are further discussed below.

A« Igneous rocks

Geologic studies of the oceanic islands - which are actually
--portions of thna sea floos sticking abovedthe sea surface - indicate
that they are volcanic in origin. They are made up of vast lava
- flowa piled up on each othéf. Hawaii is a classical example. Occa=-
saionelly, new islando will suddenly and dramatically appear above
- the surface as submarine volcanoes erupt, Surﬂsey, near Iceland,
born in 1963, ia a good exsmple, .

Uredging ¢ the sea tloor on the sides of seanounts op on the
ridges has also recovered mainly volcanic rocks. In the case of the
ridges, soue of these rocks have been eruptad from large, cirfular
volcanoes, but others froa large fissures in the sea floor.

These volcanic rocks are l'aaalts - basic rocks relatively .low
in silica and alkelies and rick in magneaium. Mineralogically they
are predcminately olivine, pyroxenes, and plagioclase. None of the
sialic rocke commonly found on the continents - that ie, rocks rich
in silica and alkalies, such as granite - Hre found on the ocean
floor. This is an important observation and one that is pertinent

..+ to our understending of the differences between ocean dasin and
continental structure.

There is one exception to the observation that all oceanic islands
are volcanic - the Rochedos Sao Pedro € Sa& Paulo (St. Faul's Rocks).
These are located about 80 kilometers north of the equator in the
aiddle of the Atlantic. Darwin, during the voyage of the Beagle in
183t, first recognired their uniquemess. They are comaposed of an
ultrabesio rock called peridotite, which is a.type of rock that is
lower in silica and richer in magnesiua than the dasalts and coaposed
principally of olivine and pyroxene. Dredge hauls in the deep fissures
of the ridges and deep in the trenches have also recovered ultradasi~ rocks.

22




These ultrabasic rocks appear to underlie the volcanic rocks in many
parts of the sea floor, but nov widespread they are is not certain,
Of great interest to geologists is the relationship between the
vo)canic and ultrabasic rocks, and stnce the ultrabasic rocks were
formed deep in the earth they oftor clues to our understanding of
the earth's interior.

B. Sediments

Tre major part of tie deep ocean floor is blanketed by a sedi-
mentary cover. The type and thickness of sediment varies dependent
on the source and the environment., Some aspects of the types of
sediments and their distridution are discussed below.

{. Source and composition

The sediments can be classified into four main components,
excluding the water trapped between the particles:

a. Terrigenous

These are deposits whose principal components are
derived from land erosion and volcanic debris of sudbaerial
or submarine origin. These deposits are very often termed
“"red clay," but that is really an erroneous tera since the
color of many of these depoaits is not red but may vary from
gray to green. Horeover, when there is a red color it is
actually due to the presence of a non-terrigencus coaponent.
The lithogenous depoaits are generally very fine grained,
often vwith a medisn grain diaxeter less than 2 nicrons. They
are composed principally of ¢lay minerals with some quarte
and feldapar., ‘Mhere volcanic debris is present, other ain-
ersls such as olivine or pyroxene may be found. The terrigepous
sediments are carried into the oceans principally by rivers,
g) .ciers, or vinds, and they eventuasly sink to the botton,
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b. Biogenous

These sedimentary components consist of the remains of
organisms, including the hard, inorganic skeletal parts. Vhen
these components comprise greater than 30% of a deposit, the
gediment is termed an ooze. Planktonic animals and plants,
or at least their hard-to-dissolve residue, often_the skeletal
or shell portion, are the dominant organisms comprising the
biogenous deposits. The chemical composition and mineralogy

of the skeletal parts determines the type of biogenous sediment:
i. Calcareous oozes

Predominantly composed of ca;cium carbonate (CaCO3)
in the form of tests and skeletons, they are named
according to. the dominant organism present. Typically
they include: (q) foraminiferal ooze, wiich iy composed
07 the tests of planktonic Foraminifera ranging in size
from 10 to 400 microns (Globigerina species are common);
(b) coccolith ooze, which is composed of the cast plates
of the planktoniq algae Coccolithiphoridae ranging in
size from 10 to 20 microns; and (c) pteropod ooze, which
is composed of the tests of the pelagic molluscs called
pteropods - they ére large in size, ranging from 1 to
10 millimeters. Corals, sponges, echinoids, and crinoids

elso form a minor pa:t of the deep sea calcareous oozes.
ii. Siliceous oozes

These deposits are composed of opal - a highly dis-
ordered form of silicon dioxide containing bound water and

originating as the skelelons o> frustules of plants and

animals. The two main types are: (a) diatom oogze, which
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is composed of the fiustules of planktonic siliceous
algae belonging to the phytoplankton; and (b) radio-
larian ooze, wuaich is made up of the highly complex

and ornate siliceous skeletons of planktonic protozoa.
iii. Apatite

These are deposits containing calcium phosphate
of biologiéal origin. They are a minor phase in deep
_séa deposits. The principal components are fish

 teeth and.whale carbones.
C. Hydrogenous

These are the components of deep sea deposits formed
by,inorgapic precipitation from sea water. Varieties

found include:
i. TIerromanganese minerals

These are often found in the form of discrete
nodules.' Sometimés they occur as a coating on
grains or rock surfaces. The red color of the
"red clays" is dué té'thé preseﬁcé of these minerals.
They are formed by the accretion of colloidal forus

- of hydrated oxides of %ron aﬁd manganese. They
élso accumulate other élements from ses water, such
as nickel, cobalt, cop.er, molybdenum, lead, and
zinc, and thus represent quite a valuable ore de-
posit. They are found covering extensive areas of

the sea floor in the Pacific and other oceans.

=
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iji. Bhillipsite...=a

The aluminosilicate zeolite mineral phillipsite
is a significant component in some deep sea deposits,
particularly in the.Pacific Ocean. It is often asso~
ciated with volcanic minerals and the degradation of
these products by the sea water may provide the en-
vironment for the precipitation of phillipsite.

iii. Carbonate

Inorgenic precipitation of calcium carbonate is
known to occur, It is sometimes found in the decep
sea on the sides of seamounts and on mid-ocean ridges,

often cementing the biogenous carbonate tests together.

d. Cosmogenous

Small spherical particles about 0.2 millimeters in
diameter have been found in pelagic deposits. They are
compositionally very similar to the iron-nickel meteorites

and are believed to be of similar extra-terrestrial origin.

Figure 7 summarizes the principal sediment types, and their

sources and pathways in the ocean.

2. Sediment distribution
‘ o . -, L & .
The final distribution and composition of bottom sediments is a
function of a number of controlling factors.

.
¢« ¢ . 't
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SOURCE PATHWAYS SEDIMENT COMPONENT

PORE WATER
TRAPPED IN
SEDIMENT

ROCK WEATHERING
ond EROSION of
CONTINENTS

SEA SALTS

VOLCANIC EMANATIONS
SUBAERIAL ond SUBMARINE (>
<

TERRIGENOUS

7 0CEAN RESERVOIR

AS PARTICULATE
PHASE OR
OISSOLVED INTO

SOLUTION

PRINCIPALLY
SILICATE MINERALS

EXTRATERRESTRIAL

BIOGENOUS

CALCAREOUS
aond
SILICEOUS SKELETONS

HYDROGENOUS
PRINCIPALLY
FERROMANGANESE
MINERALS
EOLITES & CARBONATE

COSMOGENOUS

METEOR-LIKE
SPHERULES

.lgure 7, Schematic view of the source and pathways of marine sediment components.
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" a, - Source

The mineralogy and relative abundance of the terrigensus
components vary depending on the geology of the land masses
from which they are derived. The mineralogy of clays found
in the deep sea shows definite latitudinal effecis. In
high latitudes glacially derived components predominate;

"~ in middle latitudes the deep sea sediments contain com-
ponents typical of the arid and leached soils of the
equatorial countries. Quartz grains may be found far out
at sea where winds blow from desert regions over the ocean,
as off northwestern Africa.

Biogenous components v.ry g£cording to the distribution
of the planktonic species in the surface waters. They are

most abundant in areas of high productivity.
b. Physical

The rain of particles settling through the water

" column falls at a rate dependent on their size and density,
and the particles are subject to transport as a result of
horizontal water movements. The processes such as fall
velocity, ocean currents, and transport along the bottom
which determine the particle size of a sediment strongly
influence the distribution of sediment types. The coarse
grained ‘and dense terrigenous particles are generally de-
posited close to their source; lighter particles;” particularly
those that are wind borne, are carried out farther. Some
of the coamsegreired terrigenous deposits are not confired
to the éontinental margins but may be found many hundreds
of miles cui in the deep sea basins. These deposits are
believed to have been'emplaced by turbidity currents. - These

© currents originute on the continéntal slope; when the bottom
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layers of water become charged with sediments, and thus
become more dense than the surrounding water, they rush
downslope. Though the sediments are deposited in deep
water, their true origin may be recognized by their shallow
water fauna and by the presence of graded sand beds (the
larger and heavier particles at the base of the bed).
Biogenous deposits are ofien of larger grain size than
the clay sized terrigenous components of the deep sea. They
zay not be carried far in a horizontal direction from their
source even when strong currents exist. Some sorting of
the larger and smaller sized components may take place, how-

ever.
¢. Chemical

The sediment particles are subject to chemical changes
by reaction with the surrounding water. Biogenous components
nay often completely dissolve. Calcium carbonate solution
generally increases with increasing pressure and decreasing
temperature. Deep walers thus often dissolve carbonates,
and deposits of them may not be found at depths exceeding
5000 meters. The distribution of hydrogenous components is
dependent on the chemical character of the water mass of

any region,

Figure 8 indicales the present distribution of sediments at the
sea floor-water interface. This diagram delimits the major zones in
which a certain type of deposit predominates, although other types may
be present. From the diagraw it is apparent thut the siliceous oozes
are resiricted to high and low latitudes and areas of upwelling; diatom
oozes occur in the Antarctic and a belt across the North Pacific, and
radiolarian ooze is found in the equatorial Pacific and in the zones of
upwelling off the coasts of Peru and southwestern Africa. Carbonates
are not found in the deep ocean basins. Corals are restricted to the
middle latitudes or 20°C isotheram. '
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3. Importance

Sediment deposition in the deep ocean‘is relatively slow
in regions not disturbed by turbidity currents or by tectonic
activity. Paleontological and radioactive measurements in-
dicate that rates of deposition are about 1 to 2 centimeters
per 1006 years for the biogeaous oozes and less than 0.5
centimeters per 1000 years for the terrigenous deposits.

Thus, a short, uninterrupted sample of sediment, as is taken

by piston corers (see page6),reveals a relatively long
sequence of history. Changes in the composition of the different
sediment components, or their relative amounts, are indicative

of past environments and conditions. '

The biogenous components are particﬁlarly indicative of
climatic coniitions. The zones of relative distribution of
tempereture gensitive plankton forms indicate changes in
temperature of past surface waters, Paleoclim tes and sur-
face temperatures may be inferred from changes in species or
morphology of species (e.g,, the direction of coiling of the
shell of one species of Foraminifera varies with temperature),
end from oxygem isotope meusurements in the calcite of the
carbonate tests (the relative proporticns of the different
.oxygen isotopes is dependent on the temperature of the water
in which the calcite was formed). Changes in the thickness
of the biegehope sequeeees may eifher reflect changes in the
ocean current systeme and areas of hbwelling and biological
productivity, or changee in bottoh vater composition such
that more or less skeletons were dissolved.

Changes in the terrigenous components may reflect changes
in transporting agencies. Sea level chunges may cause more or
Jess erosion of ladd and littoral areas. Glaciation may bring
new deposits into the eeas. Volca.ic episodes may be marked
by ash layers in the sedimentary sequence. Changes in the
hydrogenous components may reveal changes in the composition

of water masses.
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The Earth's Crust Beneath the Sea

The oceanic crust and the continental crust differ in thickness and
composition. The crust is defined as the depth to the Mohorovi%i¥ dis-
continuity was recognized in 1909 by a Ycgoslavian seismologist, MohoroviXiEﬁ
and marké the posit;bn in the earth where the speed of a primary earthquake
wave ((gwévé) suddenly ;ncreaFes ffom approximately 6.7 kilometers per sec~
ond to 8.1 kilometers per second.

The continéntél crust is complex with layers of different density,
wvhich are, howéver. always in regular sequence. General. , the continental
crust is charécterized in the upper portions by low velocify é waves and
rocks of fairly 1ow den31ty - properties similar to those of granitlc ma-
terials. The lowe1 portlon has h:gher velocity e*waves and rocks of
greater den31ty. The total thickness varies, but the average ‘thickness is
about 35 kilometers. | |

In oceanic areas, the Moho is only 10 to 12 kilometers below the sea
surface, or about 6 kilometers below the sea floor. UWith the exception of
a thin layer of sedimént, the oceanic crust is characterized by fairly
1ense rocks Figure 9 shows the average crustal structure; Three hori-
zontal layers are charaCterlstlcally found in the crust of the oCean
basins. Layer 1 cons1sts largely of the sediments of tihe ocean floor.
Layer 2, from seismic velocity and den51ty cons1derat10ns and from
drllling, dredging, and volcanic egecta, appears to be principally com-
posed of volcanic rocks. The composition of Layer 3 and the nature of the
mantle are as yet uncertain. '

Note that in Figure 9 a comparison of an average 40 kilometers of
continental and oceanic section indicates that they have very similar
masses. This i}lustrates tae concept of isostatic equilibrium of the
earth's outer surface and indicates a gravitational equilibrium that con-
trols the height of continents and of ocean floors in atcordance with the

densities of the;r underlying rocks,
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The Origin and Permanency of Ocean Basins

Historically. the question of the origin and permanency of ocean
basins has long been the center of discussion and controversy. Brcadly
stated, the problem is whether tiie odean basins and continents have re-
mained more or less in their present positions throughout geological
time, or whether the continents have, in fact, moved their relative yos-
itions on tie earth's surface. In 1912, Alfred Yegener formulated a
hypothesis of continentél drift. He based his conclusion maihly on the
striking resemblance between the Atlantic coastlines of South America
and Africa and on fossil evidence for a land connection between Brazil
and Africa. He suggested tnat all the tontinents may onee have formed
a single, huge land mass which subsequently broke up into pieces and
drifted apart,

Arguments against this tiieory of continental drift were quickly
riased. OSome of the relative points were the following:

1. There are fundamental structural differences between the oceanic
crust and that of the continents, and it appears physically im-
possible to have continents "drift" through the ocranic crust
matertal.,

2. If the continents did move, fresh oceanic floor should be ex-
posed at the "stern" of the drifting continents and tnis is not
in fact seen.

3. Forces sufficient to tove the continents do not appear to exist.

Wégener and others argued thut something other than mere coincidence
was needed to explain the fact that the continental margins of South
America and Africa fit together so well. .oreover, geologic evidence based
on rock'types and fossils indicated equivalent locations on each margin.
This evidence, however, was not sufficient in itself to persuade most
geologists and, particularly, to overcome théir objections concerning
the rigidity of the crust and the .antle. Recently, however, new measure-

ments and investigations support the hypothesis of continents moving on
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the earth's surface relative to each other. Some of the evidence favoring

such moveuwent involves:
1. Paleomagnetic measurements on the continents

The magnetic axes of minerals in sediments of different geologic
ages or. a continent are aligned differently. Since they should be
aligned with the earth's magnetic field, either the continents have
moved relative to tﬁe present position of the magnetic poles, or
the poles have moved in the past. The patterns of paleoclimates, as
inferred from fossil evidence, are in general agreement with the pro-
posed paths of continents necessary to bring the magnetic axes in
line. Relative movement of the magnetic poles to align the axes
differs from eontinent to continent, and movement of the continents

is required to explain the different alignments.
2. Magnetic measufements in the oceanic crust

Measuremenis of magnetic intensity and direetion across mid-
oceanic ridges hnve revezled symmetrical: patterny aligned on either side,
of the ridge axis and made up of bands of material which are al-
ternately magnetized’in opposite directions. Theae patterns are
thought to result from intrusions or eruptions qf materials at
different geologic¢ times when the earth's polarity was reversed.

The symmet:y results from the fact that the materiai was originally
erupted at the axis of the ridge, magnetically imprinted by the
earth's‘polarity at the time, and tihen split and carried away‘from
the ridges at a uniform velocity as new material was injected be-

. tween the split portions (See Figure 10). Studies of maguetic polarity
on eontinental eruptions have confirmed the changes in the polarity
of the earth s magnetic field and radiometric dati.ng of the reversals

_ inupeeanic rocks allows estimates of the apreading rates to be made.
Measupements indicate rates up to a few centimeters (2-6) per year -

the rate varying in different ridge sectiona.
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3. Heat flow measurements

Anomalously high heat flcw values are found in the ocean crust

along the axes of mid~ocean ridges.
4. Earthquake measurenents

By far the najority of earthquakes occur bordering many of the
oceans and along ridge axese Those at ridge axes are shallow in
origin and indicate tensional forces. Those at ocean basin margins
often originate deep in the mantle, sometimes in narrow, steeﬁly
dipping zones. The earthquake distribution is explained as the re-
sult of rifting at the ridge axis and domnbuckling at the continental

margins.
5. 3Jedinent studies

The sediment thickness in the oceans is relatively small and,
based on present rates, indicates deposition over a relatively short
geologic time, not much more than 200 million years. The sediments
thicken away from the axis of the ridge. The ages of the sediments
indicated by paleontolcgical studies of deep drilled saamples are
consistent with increasing age away from the ridge axis. Deep sea
sediwents are not found in continentsl regions - those marine deposits
that present were aﬁparently laid down in shellow or intermediate
water or deep but narrow basins obviously bordering land.

All of this evidence is currently used to support a hypothesis of
"sea-floor-spreading.” New crustal material §s injected at the ridge
axis and the sea floor spreads out equally in either direction normal to the
axis. The continents play a passive role and w.aole plates of the earth's
¢rust are suggested to move relative to each other. Extencion in one area
is marked by downflov and compression elsewhere. Thr segzents of the crust
may override at the opposing margins and one slle w.y de forced down to be
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reébsorbed in the mantlé. This hypotheéis differs from that of Vegener's
in that the continents rather than actively drifting through the ¢rust
are analogous to logs frozen in ice. The plates of ice with the frogen
"logs" are broken at certain places and the new ice forming at the break
pushes the whole plate. In this analogy, the logs represent the continents,
the ice represents the cfust. and the water répresents the particular re-~
gion in the mantle beneéth.the crust and over which the continental plate
is pushed. This is shoﬁn diaérammatically in Figure 10. S

. " This hypothesis is one of the most exciting and dynamic aspects of
marine geology at present.' It should be emphasized, however, that it is
only a hypothesis, and there remains much to explain. The forces driving
the moving continental plates are not certain. Orne explanation favors
convection in the mantle - the ridges representing a zone of upwelling
and the plate margins a zone of downwelling as shown in the diagram of
?igure 10. The explanation of the measurements and geologic observations
in the oceans in terms of relative movements of segments of the earth's
¢rust remains to be proyéd; as a working hypothesis it makes for exciting
scientific investigation in marine geology.

Tools and Techniques of the Marine Ceologist

The marine geOIOg{st is at a distinet disadvantage coapared to his
continental counterpart, as he is génerally unable to select the samples
he requifes, or to measure their positions relative to each other or to
submarine features. The marine ge.logist has to rely on specialiged
sampling devices to obtain the rocks anc sediments froa t.e ocean floor,
and to use various geophysical meaturements to infer the structure of thea
. oceanic crust. The.developmeni of marine geology ciosely pacallela the
progress in oceanographi¢ observational techniques. Some of the tools and
techniques used in étudying the geblogy of the ocean floor are briefly out-
1ined below (details of technique and equipment can be obtained from aost
of the oceanographic texts listed in the reforences)t
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A. Geographic position

For eacha oceanographic observation e geographic position at
sea wust be determined. In most cases the asatronomic method is used,
in combination with "dead reckoning" using sextant, chronometer,
compass, and log. These methods, however, are not alyays accurate
enough for the geologist, particularly i. he is trying to collect
closely spaced samples. Radio-accoustical methods using directional
radio beam are often employed, but they etthexr lack the required
accuracy or are not availablz in many parts of the ocean, particularly
in the southern hemisphere. GSctellite navigation using the artificial
satellites riding *the earth is currently being tiried and promises to
be #he most accurate method of position determination. It is still
in its infancy at pre.ent and only partial coverage of the oceans is
available, but future years should correci this.

o

B. Measuring and representing relief

Wire and rope soundings of the occan depths have bean sufer-
seded hy acoustic techniques. A sound beam of known frequency is
emitted from a transducer so tha return or "echo" of the sound from
the sea fioor is recorded and the iime interval frou ship to sea
floor and back measured. The devices arc normally set at a speed of
sound in wvater of 800 meters per second. However, this method doea
not give the absolute depth because the speed of scund in sea water
is not constent, but varies in respons? to certain properties of the
vater. Correction for the change in voiccity depending on the salinity
. and temperature of the water coiumn can de made and the depth cal-
culated., BEcho-sounding devic:: used today employ a continuous re-
cording device so that a tvo dinensicnal profile and echogram, of
the sea floor beneath the ship'e rack is displayed (see Figure 11).
Vhen sufficient two dimensional profiles are available in a given
region, isodaths, or corntours of equal depth, tan bte drawn through’
the profiles. This method allows the gevlogist to reprasent the three
disensional relief of the sea floor in two dimensions in a manner similar

to the way elevation is indiceted on contour naps used on land.
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C. Sanpling devices

The first bottom samples obtained from deep water were from the
sounding leads used at the ends of ropes or piano wire. The leads
had a cavity at the lowcer end filled with tallow to vhich bottom de-~
posits adhered. Today the marine geologist has four basic sumpling
devices of which many varieties exist:

i+ Corers

These are principally tubes, open at the lower end, which are
used to cut sediment profiles of the ocean floor in much the same
vay as drills are used on land. Varieties used depend on whether
the force driving the tube into the oceun floor is a heavy weight
(ir which case the instrument is called a free fall or gravity
corer) ar the pressure trom an explosion. The length of the core
may vary from one (o thirty mevers., The most favoured type used
at present has an open pipe at the lower end of which ia a tight
fitting piston connected to the lowering wire. The pipe is sus-
pended from a release mechanism and freed when a counterweight
(often this is another small pipe which a’so serves to abtain a
sample of the surface sediment) reaches the bottom. Heavy waights
on the upper end of the coring tulLe drivc {he pipe into the sea
floor. Sufficient wire is alloved so that the piston in effect
remains imnodbile at the water-sediment interface and the pipe is
driven over the piston into the floor. This results in the
gsediment's being drawn in by the effect of the piston at the sare
rate as that at vhich the pipe peretrates the bottoam, and &n un-
disturbed column of sediment is obtained.
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2. Grabs and snappers

These are devices used to catcn a portion of the bottom
surface between jaws. Varieties exist from those that simply
have two jaws to those that have multiple jaws. They can
often be used on areas of the sea floor covered by co arse sed=-

ament which is not easily penetrable by coring tubes.
3. Jredges

These are devices generally used for recovering
very course materials from the sea floor such as rock cobbles
and boulders. They are normally towed over the ocean bottonm
or up steep slopes for a certain distance, and they catch up
whatever material lies in their path. They may consist of a
sinple large diameter pipe, or a rectangular metal freme with
a chain or mesh bag attached. Dredges are generally of simple
design and low cost since'they are frequently caught up on
the rough bottom and may be lost (they are attached to the wire
by a safety release mechanism : lch breaka when the tension on
the wire reaches a predetermined level). The primitive nature
and inadequacy of geological sampling techiniques can be better
realized if one imag.nes & continental geologist trying to
sample the Rocky Mounteinc by flying over them in a plane at
a height of 2 or 3 kilometers, above the clouds, dragging a
bucket on the end of a wirel

4, Traps

These are saspling devices usad %0 catch suspended matter
in the water. Varieties consist of atationary ne’-type ftraups
suspended above the bottom; weter samplerg,which are large
btottles that close at a predetertined depth to collect a saample
of water and ihe suspended matter therein; and pumps which are
first lowered to & required deptn and which then pump
the sate through a filter that retains the desired particle size.
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D. Geophysical measurements

In order to infer the geologic structure and composition of the
earth's crust beneath the sea, marine geologists make a variety of
geophysical measuremeris. They measure properties of the earth's
natural force field, gravity,and magnetism; the rate of flow of heat
outwards from the earth's surface; and the scismic properties of the

earth's surface.
te Gravity

Measurezents of the variation in the acceleration due to
gravity can bve nade at sea on board ship. The variations can
te interpreted in terms of the distribution of masss beneath the
ship. Providing that these measurements are corrected for the
depth of water then the variations in the correfted gravity
anomalies are caused by variation in the density of the sea
floor or anomalous rasses beneath the floor. Measurement of
the acceleration can be done using the period of a pendulum or
the pull of gr.uvity against the pull of a opring of calibrated
characteristics. The prodblems of work at sea are thoas of vom-
pensating for the acceleration of the platfoim on which the
measuring cevice is mounted -~ acceleratior caused priucipally
by ocean wives. The tolerances of gimbs -riounted, multiple
pendulun systems are snall and reasuremenis are usually
linited to m brorged vessels. Gravity meters using a danpened
measuring spring are ¢ommonly uszd nowadays, and continuous
measur2zents can te made vhilst the ship s undervsy allowing
large scale surveys snd maps of gravity-knomelies to Ye drgwa,

2. Geonmggnetism

A very siaple, but effective method of geophysicsl investi-
gation car be done by toving a total intensity magnetoaseter
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over the earth's surface by airplana or ship. In principle the
device consists of a coil wound around a bottle filled with
1iquid (water or a bydrocarbon) composed, in part, of hydrogen
molecules. A strong direct current is passed thxough the coil
for a few seconds causing the axes of the hydrogen protons in

" the 1iquid to align along the axis of the coil. After the cur-
rent is shut off, the protons realign with the earth's magnetio
(ield; The coild is connected to an amrlifier and the frequency
of a very weak signal is measured. The signal is produced by
the presession. of aligned protcns (which have both magnetic and
angular momentum) about the :ictal magnetic field vecotor of the
earth. Variations in the froquency of this signal, after the
earth's magnetic field effoct is removed, reflect the magnetic
effects of local geologie featurcs,

Generally, over the sea floor, ih: magnetic measurccenis
are 208t strongly affected by tho megneiic properties of the
igneous rocks even though these rocks may be burlad urder sedi-
ments. The important magnetic minoral 3n thece recks is reg-
notite, and changes in the magr -tometer rcasurements ccvld ro-
fleot changes in the magnetite conheﬁt of the rocks. The moge
netic properties of the rocks also depend ¢n the direction of
the earth's nagneti¢ ficld, ite po'--~tty, at ths tims the rock
cooled. Marked chang2s in tle dirc:tion of th> magartic reasurc -
sents thus may indicate rocks whisli coolied ai different timeeo
at differont timcs in tle cusihis afs iy when “he polarity was
reversed. Tho sym@etiry of th: caenetic properties of rocks on
either sidn of the mid-occzan ridge a«cs have been, in large part,
rasponsidle for the argaments in favor of sea floor spreading
(2ee Figure V).

5. Feat flow

Heat flow at the earth's surface baneath tho sea in measured
by inserting a tenperatu:e svesuri: g probe ints the first few
feet of tae sea floor. Temparature differences along the length
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of the probe represent the temperature gradient at the garth's
surface, This gradient can be expressed in terms uf heat flow
(calories per cm2 per seqond) if the thermal conductivity of the
material where the probe was ingerted is known. The thermal con-
ductivity can be measu;ed.from a core sample teken at the same
position on the sea floor. ,

Heat flow measurements to date indicate values at the ocean
floor similar to those on the surface of continents. This is
somevhat surprising since most of the heat measured in continents
is believed to come from the disintegration of radioactive dle-
ments in continental roéks. The heat reaching the ocean floor
is believed, therefore, to come from bencath the erust and lends
suppoft to the idea of convection cells in the mantle (see Figure 10).

4., Seismic studies

Knowledge of the structure and thickness of the earth's
crust beneath the sea have come from seismic techniques based
on the measurement of the propagation of seismic energy. The
beismic or sound energy is generated from some source such as
an explosion of T.N.T., the discharge of a powerful electric
arc, or a disc-piston trnasducer {which relies on the cormpression
and sudden release of a gas) and is received by sensitive hydro-
phones at varying distances €vom the source and re.orded. The
time of arrival of any given sound wave is taken from the re-
cording or escillogram and the path from 2uurce to detactor can be
ascertained., From the path or distsnce travelled and tiae tiwe
takén, the speed of propagation can be computed. By recording
either a line of shots at a fixed receiving position or single
travel time and distaunce can de estadlished. From this relation-
ship the number and thickness of sudb-surface strata can be de-
termined and the speed of sound in each can be estimated.
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The theory of seismic measurement and the details of the
equipment used tre dealt with in detail in some of the oceano-
graphic texts in the reference list (see pages 42-46 ). The
interpretation of osciliogr.ms requires some experience and
depends on identifying the type of wave being received ~ re-
flected or refracted.

a. Reflected waves

If the 1nterface between strata is a good reflector
then the thickness of the strata can be measured from the
time required for a pulse of sonlc energy to travel through
the layer and back by reflection. Knowing the speed of
sound in a particular layer allows inferences to be made
about the type of material constituting the layer. Stan-
dard echo sounders measure the water depth in this way -
relying on the reflected wave from the sea-water-aea-~floor
interface. By varying the frequency of the sound source,
penetration of the bottom can d2 cade and reflections from
sub-strata received. In general, high frequency gives good
resolution dbut little penetration. Llow frequenoy sound
sources, such as tnose froa T.N.T. explosions, may penetrate
a fow thousand meters and reflect from rajor strata changes.

b. Refracted waves

Sound waves can also be r:fracted at an interface be;
tweon media in vhich the sound vave has different velocities.
Seismic refiraction can, under certain conditions, not-only
egive information ¢oncerning the velocity of aound in a given
layer, but 8lso the angle of dip of the interface.
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5. Other tachniques ' .

0thgr>;qchniques smployed by the geologist include under-
water photog}aphy (cameras can be lowered to the bottom and acti-
vated on command or by contact with the bottom). Some cemeras
are mounted on sazpling equipment such &3 corers in order t6 give
information on the orientation of tne ccre. Television caueras
also offer an opportunity of looking directly at the bottom. The
scuba=-diving marine geologist is generally restricted to a water
depth of 100 to 200 meters. Deep-diving submersidbles are now
available that can extend the range of direct observation to
depths up %o 2,000 meters. GSome of the submersibles are equip-
ped with sampling devices, including grabs, core tubes, and drills.
These are all important new developments since they allow, for
the first tiem, {a) direct contact with the sea floor rather than
indirect, (b) selective sampling of rock outcrops or sediments,
and (c) measurements of the strike and dip ef atrate.

Recently, in large part due to the technological progress
of the oil cq;panies in offshore drilling, the geologist has ex-
tended his sampling technique of coring by using large drills
mounted on special véssels. ‘These drills are capable of drilling
hundreds of\feet below the sea floor even in depths of water ex-
ceeding 4,000 meters. The results of such drilling are only row
becoming available and tney promise to markedly fincrease our
knowledge of the geolopy of the zea rloor.
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.4, PHYSICAL PROPERTIES OF SEA WATER
by Redwood Wright
WOode Hole Oceanographic Inotitutién

Water_ie:prgbably.the most familiar substance on earth,but it ie
also very-enpeuaihin_many ways., Ocean water, which is about 30 timee
as abundant,es all other forn) of water combined, has sone peculiarities
of its own, We wil1 talk a 1ittlo bit about the goneral characteristics
of wafer, then will go on to a detaided discussion of the propertiee of
sea water, principally temperature and salinity, and their distribution
in the oceans,. ‘ ' , ' :

One . unueual fact about Water is ‘that it is the only substance that »
is naturally present on earth simultaneously and abundantly in all three
etates.. gas,. ltquid,and solid. On a Wiﬂuor day you can skate upon eolid
water which‘is supportad from underneath by 1iguld water, while in the -
atmosphere there is inv1sible Wauer vapor. Wa are all so accuetomed to
this that ye. rarely stop to rcalizo thet it is unusual. ;

Anothey peculiarity of watcr — and a useful ohe -~ 1is- chat ice .
floats; that is to say, water in the colid state is leas dense that liquid
water. Furthermore, pure vater reathog its naxinun density several. aegrees
above freezing point, unlike most substance: which continue to contrect
and becqie denser as they ars cooled. Pura wator contracts as it is cooled .
until it reachoe 400,’dfcor thch‘J,'oxpardo slosly until 0°, when it
suddenly expands rapidly upon crystalllration into ice. This characteristic
of water helps to increaso the proluctivity of fresh water lakee and ponds
by producing the so-ca11ed "doublo turnover” each year so that the lake
is depply stirred and the nutrient—r*ch botton. water is brought to the ..
eurface where it can be utilized for plant growth. In the summer the ..
eurﬁace water, wermed by tha eun, is less dense than the colder water be- c
low and therafore etays at the surface. During the fall and early.winter
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it is cooled from abovn, becomes deneer and sin%s, replacing the deeper
wator to the upper layers. When the surface water is cooled to 4° it hes
reached maximun density; if it is cooled furthexr it will become less dense
and no furthor mixing will teko place. This means that even in relatively
shallow ponde ‘ho btetton water is not likelj {o cool much below 4o even in
a wintor cold enough to form i2e ssveral inches thick nt the surface: a
fact of some importence {o animals living in tho botutom mud. When spring
803, wifh waraer weather, tho curface water will bacoms denser as it is
warmed and will aink thirough the less Aenss water helow, once agaia stirring
up thas bottom waters to food the spring bleom of rlenktonic planta.

Sea ‘wator, which contains dissolved salts; coes not behave like fresh
water in tais fespect but fentirues io incraase in_dansity as it is cooled,
right down +o tho freozing point. Tho fraeaing point of sea water, in-
ciden+a11y, is ceverel dogrees below that of fresh water, because of the
presenca 01 dissolvsd ealte.

S ~omc cther unusual but vsaful propa;tios of water are its high specific
heat, or capacity to absorb heat without baooming much homter itself (which
explains why scashore t*mpsratures ara moderate,, i*s hlgn latent heat of
fusica and evaporation (which explain vwhy water keeps cool in a Lister bag
on a hot day o why a pan of water in a greenhou ;@ can keap the plants '
from freazing o a cold rizht); and its nigh surfaﬂc tensi*n.)‘ht‘r

Waue* is elso a wniverse® solvent: GVt:y e cm°nt known fo man has
b:2n found dicsolved in cea vator, 1’e’c it is au 1nrrt aolxent in that it
is not changed chermically by the eneslancos 1t ’1rbolvaa, I remains 520.
A1), of theso unwzval chavcacterist ics of water result fradn i 8 peculiar
moleculay *fvucturﬁ,ywhi“‘ ikl not te di'cus sed here, but which 18 fully
covers’ in Wz,w - Y Hirror of Scienca, by Dﬂ\is ..... 4 Day.

"In-tha ocesn tha chax cteristlcs of cea watuw vhizh concern ue most
are tempersturs and salinitv. They rre imzoriar b ‘;* £ number of reaeons.
In tho firss plado;”excapt at the gon surfacy thoy ere conservative
propertiosf that i3, thrfe iz no way to edd reat or salt to sea water ex-=>
cept at the suvface, Yor this reauon both tcmperature and’ ealt are useful
as taga for identifying and tracing wator masnes. Furthermore, temperatura'
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Note: Except for Fig. 10, these figureé were taken from "Elements of
Physical Oceanography ," by H. J. McLellan,Pergamon Press 1965.
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Fioure 1. Typical trace of temperature vs. depth in the Sargasso Sea
in the winter. Dotted Tine shows seasonal thermocline.




and salinity are the rost important variables affecting the density of
seva wator, and 1i is tue divtribution of density in tlie ccean that de-
termines the principal featuren of the oceanic circulation. Finally,
temporatura and salinity arc inpertant to the biologist because they
determirs the kinds ¢f planis and animela that can live in a given
body of water. '

_Portunately it is pcnsible to measura both teppveraturs and saiinity
quite accurately. Lot us consicor thom separately.

The range.of terperaturc in tho ocean is about .2%¢ to 32°0,
roughly comparable to the soasonal variatlon of tempsrature in the
central United States. Howcvar, the grea’ bulk of the water in the ocean
is much more unifora in tecmporaturs: 75 per cent of 1tlli5$ in the range
0%C to 6% ena onw half of it is betweca 1.3°C ond 2.8°C. The reason
for this is. that the duep waler of cll the cceans has its sources at
high latitudes, and is therefore quite =:11 ever et the equator. Figure
1 is a typical wpid-latitu’: srace of tuuporatur® vaircus depth, taken in
the Sargesso..Sea in the wintertinz. Tnere are thrie principal zoneej
1) a warm .layer noar the surface whers mixing %57 ths ¥7ind -and other
processes has preduced a nearly uniforn tecmparature down o a depth of
a few hundred nmeters; 2) o thernieling, cxr layer in vhich the temperaiure
drops ver:” rapidly with incrcasing depth; and %) the deep water, where
tho temperature continuen to dezreace ar Lae dopth jucresses, but much
more slowly than in tho theszoclire.. In the miumeriims, heating from
the atmosphere nay edd a seaSOnaL*thermoCIinQ at. ' shown by the dotted
line. The actual temperatvre ana the de;th of_the thermocline will vary
widely cepenéing upon the louatic ~nd thu ti?n of thu ycar, but'except
in extrews high latitudas wnare ovel tha zurfgéa‘wéher is cold, the
general picture will bo thy came,” S fL Vol
... It ia elear fron the figur¢ ihat to descride %li¢ temperature dis-
tribution in the deep wator will require mucY rere‘docuiate technijues
than are necescavry in the rmoxrs variegatced uppor leyers. There are many
ways to measure tempsraturc, but for tiarce quarters of a century the
principal tool for the deen wator has bosn the revoreing thermometor
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attached to a Nansen bottle for taking water samples. Carefully calibrated
and corrected, a godd revi-rsing thermometer is capable of accuracy to &
few thousandths of a degree. '

The trruble with using an ordinary thermoueter at any depth is that
fte reading will change a3 it moves through the changing tempsaratures of
the water, so tha” oven if it is pulled up rapidly and read right away it
will give & falso temperature, Early‘qceanngaphers sried to get around
thie problem by ercasing the thermometer bulb in a ball of wax to insulate
it, but the results were not satisfactory. The reversing thermometer
(sce Figure 2) solves the problem in this way.‘ The thermometer is built
with a narrow constriction in thnoe glass column just above the bulb. The
open Nansen bottle is attached to the hydrographic wire with the thermometer
an position A (note that the temparature scale is upslde down), and the
instrument is lowered to the desired depth. A messenger, or suall weight,
is dropped down the wire to release the upper end of tae Fausen botitle,
a0 that the bottle turns over and the valves are closed, t:apping a quan=~
tity of water for later analynis, Vhen the Nansen bottlé is npended, 80
is the thermometer. The mercury column bresks off at the constriction and
flows into the other end of the thermometer, where it remains while the
thernometer is being hauled badk aboard. When the instrument is on board,
the temperature at the point of reversal can be read, on the now right-
side~up scale. A nmall auxiliary thermometer alongside the main one is
used to correct for any change duc to the rodm temperature where the
thermoumeter is ‘read; »

Reversing thermometers are also used to determine the éctual depth
at which the observation was made. (The amount of wire over the side is
not reliable because it may not hang straight down.)

The depth of the ocean itself is generglly determined by echo souhding.
which we will say more about later, but the depth of an instrument is usually "
found by measﬁring prescure. The pressurc at a point in the ocean is simply
the weight of water, per square centimeter, above that point, and as the
density of sea water is almost a constant, pressure is an excellent measure
of depth., In fact, when metric units are used, it works out that the
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pressure in the ocean increases one etmosphere for every 10 meters of

‘depth, so“the'pressure in decibars (one decibar equals 1/10 of an at-
. mosphere) is equal to the depth in meters.

To measurs depth by reversing thermometers two thermometers are
attached to » tensen bottle. One taoermometer is encased in a heavy glass
tube and squirts thé mercury up so that tho temparature rdading is higher
than it should be. The temperature difrference ostween the two thermometers
is thus a measurs of “hc p-esvuvre ot the point of reversal, and the pres-

© sure is a measure of dapth. The difference in temperature is generally

{ degren for evefy 100 meters i1 dopth, 80 with a good instrument, care-
fully calibrated, the depth can bo determined to within 5 meters per 1000
meter depth, or less than 1/2%.

. Anothei' efrec’ of pressure should be mentioned here. It is a well
known thermodynamic principle that the temperature of a substancse will
increase if it is subjected to pressure even if no heat is adled. This
effect, known as adiabatic warming, f{uv of considerable importance to
retsorologists and is a principal reuson why thz atmosphere is much colder
at high altitudes than it is noar the earth's surface where the pressure
is higher. More familiar, perhaps, is the rush of cold air from a bicycle
tire when you depress the vaive, an examplo of the phenomenon in reverae.
Adiabatic warsing occurs in the sea: sua water at depth is under pressure
and-80 it is warmer than it would be at tho surface. The effect is smallse
adout .01° for 100 meters depth---and can generally be neglected in the
upper layers, but it néticeable in the deeper waters. Temperatures in
deep water are oftsn adjusiéd to remove this prossurs effect. When such
an adjustnent is made the resulting tenperature is called "potential
temperature” and representa the temperaturs a given bit of water would have
if it were drought to atvospheric pressure without adding or taking away
heat., - ' '

© Getting back to temperature messurmant, we have seenh how tho com-
bination of reversing thermomoters and Nansen bLottle can provide a water
sanple, the depth at which the saaple xas tilien, and the teaperature et
that depth at the time of sampling. Usually twenty to thirty such
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¢usorvations arc mado at diffcerent depths at an cceanographic station;
dozens or uven hundreds or q*ations may be taken on ¢ single oceanographic
cruise, so that tho dibtcibut o1l of tenpefature throughout a given portion
of tho ocean cqn be \lxaolJ plOtde. “To look at gross features oi the
temperature struciura, atations 3G o 60 niles apart avre usually sufficient,
but for a detailod picture, iu araa: such 1s the Gulf Stream, it is not
ufm~u11 to r»duu~ thn cppcing tc Zive %0 ten milas.

. Cne difficulty nl‘h ghl Jtemderd o :ansgraphic station is that it takes
tzma = up {o 1our hovysa 1o~ a dzep station -~ and the ship must be stopped
while the wirc is over ths sida. fheru ie no xoal substitute for this
mothod of investigating thoe dcep wator; but for the uppor layers of the
o0caan the tenpezatu‘o strvcture is often determined by a less accurate but
more convenient instvumunt called a bathythermograph, or BT. - The BT is a .
sort of diving thermomate* that can be used while a ship {s underway. . .
0.0 are iwo kinds of BT i7 use today. Tho older model (see Figure 3)
is a gcuhnaical devico which rocords toaperature and Jdepth coantinuouely. .
oa a'smokod glaso slids, and can be brought back ahoard and used ower
and over again., 1t is fricsy and time-0onsvzing, not very accurate, and

an bo used onl to a depth of 250 meters even from a slowly-moving ship,
A poro recent covolopmont ‘8 tho expendadle BT, a bomb-shaped device which
1s connecyca to th2 ship by a \ory fins conducting wire by which the
_tonporature cencor is ¢sunecied to a shipboard rocorder. - As ths Bt sinks
tho vire is pnid cut Jiks line fien a apinning 221, until the maxizum
depth of L00 uei>ra is>rnh0hoi, wvhon the wire breaks. The temperature
sensor 18 a thuoinieior, a s0lid etats devics which changed its eleqtrical
rooisteuco as 45 tempareture chanyea. The cxpendable BT is mere accurate
than the mecheaieal bf} it peasures temporaturs at greater depths, and {t
can bo ussd st nyeadn'up to 70 kneto.
' S2Minity is & J¢tle wove aifficult to pin down than temperature.
Thore ie no qu0s“0u thet toe roct distineclive frature of sea water is its
cal@ineqs, but 10 deneridz Lt oz-.4tly i85 another zatter. The average
pe;éon is content 10 know that sea woler is too salty to drink, but for
anyene concernad v#th thn marinn envirotwcnt &t is necessary to use numbders.
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For many purposes -- such as marine ongineerirg -~ 1t ie anough to know
thaf ‘sea water 1s a salt solution of about 3.5 per cent, or as oceano-
graphers put it, 35 parts per thousand ( /oo). One per cent equals 10
parts per‘thousand. Actually 90 per cent of all the water in the oceans:
is uithin one part per thounand of the mean value, although the total
range'ébes from about s;o/oo in areas of extreme precipitation like the
Baltic béd to about 40°/oo in high-evaporatinn basins like the Mediterranean -
and RgdWSeae.

The marine scientist needs to knew salinity much wore precisely, at.
least to two decimal places, i.e. 34.73°/oo,land it is necessary to go
three deoimal places, i.e. 34.7260/00. to be able to discern the small
but significant differences that occur in the deep water.

" In the Ncrth Atlantic Ocean, salinify varies with depth much as
tenperature’ doos (see Figure 4,a): There is a mixed layer of high
salinity at the surface, followed by a haloclire in which ealinity de-
‘creases rapidly as the depth increases, and finally a deep layer in
vhich the salinity continues to decrease, but much more slowly. The
North Atlantic-is not typical in this respect, however. Largely because
it receives a continuous supply of very salty water from the Mediterranean
through the Straits of Gibraltar, it is the saltiest of all the oceane,
with a mean of 35.|°/oo compared to tho world mean of 34.70/00. A more
rdprééentative salinity trude is snhown in Figure 4,b, from observations
in the central Facific Ocean. It shews relatively fresh surface water,
increasing to a maximum salinity at about 200 meters, then decreasing
to a ninigum around 800 seters, and finally increasing again, much more
slowly, in the desp water. In both regions you can see that high accuraocy
is needed to see any structure in the deep wator.

To measure sslinity it is neceesary to know just what it is, and
that introduces another conplication. Salinity is not a fundamental
quéntity like temperature, rooted in dasic scientific principles. Ine
stead, "salinity" refers to all the dissolved material in the oceans
atd, as has been raid earlier, every element known to san has béen found
in solution in the ocean. Strictly speaking, then, to measure vhat we -




call "salinity" ybu should analyze a water sample dozent of times, to
determine the prccisc quantity of every element presont. This would of

course e terribly tedious.and would raquire. impossibly large water sample3 --
much bigger than the quartfqufaeha}f obtained with a Nansen bottle.

For ncarly a century oceanographars met this problem by making use
of a very convenient fact: The ocean is, (coarally speaking, well-mixed.
On the few occasions when thorough analysie has been made, .the major con-

_siituonts of sea wator were found to occur in nearly the same proportion
to each other., In other words, the differences in salinity in gea water
are ngg_gaused by changing the relative abundance of any of the dissolved
materials, but by adding or removing L,0. This 1s r. 2sonable, of course,
becauss the major changee in salinity occur because of rain and snow,
which add fresh water, or ovaporation and freexing, which remove it,

. What this means for thp oceanographer is that once the relative prop-
ortions of the dissolved substanceo has besn deterained, it is only necessary
to measure one or thenm in ordor to know thecm all.. And until very recently
the usual pethod of determining salinity was to run an an.lysis for chlorine,
one of the two most abundani dissolved olements in sea water, and then simply
multiply the chlorinity by a fixed fadtor to get the salinity. ;.(The.other

- eery sbundant element in sea water of course is sodium. .Together sodium
and chlorine fora 85 par cent of ths total dissolved matter in the ocean
and account for its femiliar "table salt" taste.) . . - ,

. - The analysic for chlorina, a routine chemical titration, ls relatively
simple to perform and is accurate to adout ,020/00 in salinlity, which is
adequate .for the uppor layers of the ocean. - However, it involves very care-
ful measurement of liquids, which is difficult $o achieve in a shipboard

.. laboratory in rough weather, and it is not nearly accurate enough for deep
water work. In recent years a new technique has been developed yhich ie
both easisr to do at tea and much more accurate. Instead of chemical
analysis, an electronic determination is mado of the electrical conductivity
of a sea water sanplo. . Electrical conductivity actually depends upon both
the temperature end the total dissolved material ~- which is, of course,
what is means by salinity. The eamples are kept at a constant temperature

. - R -
Pad - ! PO LI [ L »

170




b
500} o
1000} -
_ 1500¢ -
5
8 2000} .
E
2500} -
3
g 3000} -
3500} -
4000} -
4500} -
1 1 | 1 i
34.5 350 355 36.0 365
SALINITY (%o)

Fioure 4, Typical traces of salinity versus denth: a) in the Sargasso
Sea; b) in the Central Pacific.




80 that differences in conductivity will repreeent differences in salinity
only., With this method selinities good to .003°/oo are obtained,

It should be menticned that because salinity is not a fundamential
quantity there is no.absolute standard against which it can be measured.
Instead, for both tiiration and conductivity maasurement the unknown
samples are compared vith a very carefully prepared standard, which comes
from Denmark and is known as "Copenhagen waitor." _

Instruments which can be lowered over the side to measure conductivity
and temperature (and therefore éalinity) continuously as a function of
depth have been désigned and tested. They have the great advantage that
they shuw small ecale variations that are missed by the spacing of samples
in a Nansen bottle cast, but they have not begun to approach thé reliu~
bility and accuraqy of the classical technique, and the standard method
of obtaining tempurature and salinity inforration about the ocean is
atill the lovering, at specific stations, of Nanson bottles with reversing
thormometers attached. ' .

Such an oceanographic station results in a series of observations
at different depths at a fixed point in the ocean (or nearly fixed -- a.
ship may drift as much as a mile or two while "on station"). To get a
meaningful picture of the distridution of temperature or salinity over a
large area, an oceanographer usually plaots the data on either horizontal
charts or in vertical sections; that is, he slices the ocean either like
a stack of pancakes or like a loaf of bread. The plottiné is usually done
by drawing lines connecting points of equal value, On a temperature chart
such lines are called isotherns {onc 1ine might show the depth of the 10°
isothera, for example); on a salinily chart they are called isohalinea.

Horicontal charts are usually used for the sen surface and the upper
layers of the ocecan, where differs:nces in teoperature and salinity tend
to de related to latitude ieriuse of atmospheric influences. Thus in
Figure 5, showing surface temperature in the rorthern winter, we see the
vam water along the equator, cocling both north and south to temparatures
near the freeting point at high latitudes. The only real break in the
pattern occurs along the western sides of the North Atlantic and North
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Pacific oceans, where the Gulf Stream and Kuroshio current carry warm uater
well to the north. The surface salinity distribution (see Figure 6) shows
salinity peaks at the’ "deserf“ latitides of 25°-30°, both north and south,
with lower values: both in the "rain forést" belt of the tropies and in
nigher latitudes where evaporation is lower.’ o o

To look at-the deep water, vertical sections are used, genébaliy
following the treck.of a researdh vessel as it crosses an 6cean basin or
some smaller-scale feature. In some cases, as in the figurea shown here.
the section is a composite of stutions made on several differenCt cruises,
put together to give a north-south picture of an entire ocean from the
Antarctic to the Arctic. ' ' _

It is important to remember in any vertical display éuch.psithese L
that there is tremendous exaggeration: the verticai scale'may be 500 or Y
1000 times the horigzontal scale. In these figurea the exaggeration is ’
about 1000 times: the ocean appears atout throe times an long as it is
deep whereas actually it is about three thousand iimes as long. To do 1t
with the same scale in botih dimensions would reduce the depth to about the
thickness of a pencil line so that no detail could be seen. The shape of
the bottom is exaggerated o the same aegree, of ccufse' those sharp peaks
and deop trenches in the section are actually pretty flat. ' ,

Figu:e ‘7, a and b, shows temperature arid salinity in the Atlantio B
Ocean. North is at %he right. In the temperature section, the thermoc)ine
is evident in the closely spaced isotherms neer the surface, while the
wide spacing in the depths indicates a region of 1little variation. The
coldest YBottoa water, of Antarctic origin, can be:seen at the souih.
vhile another cold water wass, originating in the Norvegian Seé, zcves
southward. In the salinity section the effect of the Hediterranean out-
flow can be recognized in the deep penetration of water of more than 35 /oo_
and in the tongue of deep salty water which reaches to mid- latitudas south
of the equator. The Pacific Ocean sectlons, Figure 8, a and b, on the o
other hand, are consideradly simpler, becahse the Pavific has no northerﬁ_.
source comparadle to either the Mediterranean or the Narwegian Sea,
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The foregoing figures show Low the distribution of temperature and
galinity can be used to suggest large-scale movements of water. They
can algo be plottea against each other-in what is known as. a T/S diagram.
In a T/S diagram a point is plotted on'a graph for each observation of
temperature and salinity. Iines connecting those points result 1n a
characteristic T/S curve for a given oceancgraphic station. It hae been N
found that water masses in different parts of the ocean have distinctive )
/8 curves which can be used to identisfy them as in Figure 9. .

A §ery 1mpor€ant use of tecperature and salinity is to determine
density. As haé been mentioned earlier, worm water is less dense than
cold water beééuée vater shrinks on coolings Similarly, salty water is
more dense than fresh water becauss it contains more dissolved matter_in
a given volume. So cbld, salty water will tend to sink and fresh, wazmer
vater will tend to rise. Neither effect is very great, and for wany
purposes the density of sea water can be corridered a constant, but in
the absence of other forces, small density differences can be of great
importance in the ocsanic circulation.

Density is usually expressed in grams per cubic centimeter so that
it has the same numerical value as specifioc gravity. The specifio
gravity of pure water at 0°C {s 1.00000. ' The specific gravity of sea
vator at 4°C ‘and 35°/00 salinity is 1.02781; reducing the salinity to
20 /oo would lower the figure to 1,01£93, raising the temperature to 30°c
would lowver 1t to 1.,02175. Throughout most of the ocean the range is
between 1.025 and 1.028.

i Rec¢ause )f\thié small range oceanographers use a short-~hand ex-
pression for densfty. They write

ld - - o -

‘e (sigma-t) = ( .20 1) x 1000
whare Os10 ie the density at the given salinity and temperature and
at depth = 0, Using this relationship water at 4 and 35°/oo salinity

would have & sigma-t equal to

(1.02781 - 1) x 1000 = ,0278%1 x 1000 = 27.8%
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Density in the ocean is. usually figﬁrég_to'fhfee deoimal places in. sigma-t,
Tables have been prepared so that gigma-t caﬁ Bé'quickly calculated for ,
any combination of temperature and saliqity in the ocean, and the deneiti._es”::‘t
of different water sémplcs can bo conpared. The relationship between .. . ‘.
temperature, salinity eoad pigua-t ie.shown'ih Figure 10.

Notice that sigma -t srefers to a watéf camﬁle at 0 meters. depth, that
i8, at the sea surface. . The reasvn for fhis is that there is a third ine
portant factor which detcrminres the density of sea water ~~ a factor we
havo omitted s¢ far ~- and that is tho dopth. \later is gonerally ¢on- .
sfdered incompressablo but it can,. in fact, be comp*essed. Here again the
offect is slight -~ donsity increases by only about .00005 gms/cm for
every 100 metérs of dapth -- but given the groat depth of the ocean and
the equally small effects of temperature and salinsty, it can seenm )
significant. For examplo, jif water were completely incompressible, ses
lavel would be about 300 feet h;ghef than it is now, long Island and Cape
Cod wouidvadeer”y submerged and or. .y a few akyacnabérs would protrude
through tho sca surface at the great seaport cities like New York and Tokyo.

For most oceanographic purposes this pressure effect is an 1nconvenienqe.'
Ity effect {8 the sams at the same deptﬁ ell over the ocean, - 80 it has no
influence on tho relative deunsities of two bodfes of water at the same depth.
Oceanographers, who are principally interested in those relative densities,
prefer to iguore thn dapth effect and thot is why sigma-t is referred to
the sea surface. Tha situation iéchmnlin Figuro 11, At left, a central
Pacific station io: coapared w{th a Forth Atlentic station using eigma-t,
At right the cemo sintions are conmpared on a different scale with the
pressure effect inciuded: the dirfercnces botween the Lwo are eifeotively
viped out in the latier.

Lh ]

One othar inpsariant physicel characteristic of sea water which depends
upon temperature, salinity erd pressure ic the speed of sound. Sound is
particularly twporisnt to an oceenogrepher becuuse it is the only form of -
energy which can da tianceni’ted easily through ééa vater and is therifora -
used extensively in occanographic instruments. The speed of sound in sea
vater jo approximstely 1500 moters/sec (about five times the speed of sound
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in air). Increasing temperature results in an increase of sound speed
of about 3 m?sec per degree centigrade; increasing pressure increases
the speed of sound by about 2 n/sec per 100 meters depth; and an in-
crease in salinity has an even smaller effect, increasing the speed

of sound oy only 1.3 m/sec for each part per thousand. In the surface
layers the temperature effect is the 10st pronounced and the speed of
gound usually decrease down to the depth of the thermocline. Below

that depth tae temperature change is less pronounced and the pressure
effect takes over, so that the speed increases toward the bottom. Sound
waves can be bent by these changes in velocity, a fact of considerable
importance in submarine warfare in vhich both the hunter and hunted rely
almost exclusively on sound. Changes of sound speed are also important
in precision echo sounding which measures the depth of the ocean by the
time it takes a sound pulse to travel to tie bottom and back to the ship.
Tables giving the necessary correction to apply in different parts of

the ocean are a standard part of any oceanographer's seagoing equipment;
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5. WAVES AND TIDES

by Andrew Vastano
,Texas A & M

Waves

ﬂaves which occur in nature have many forms and we are quite fami-
liar with some of them. It is taken for granted that sound waves exist,
we dah sense them easily, and ocean waves are rather uneasily sensed by
some of us on board ship. There are many more wave forms besides the
ones we normally experience, some of which are quite forelgn. For in-
stance, there are waves within the earth generated by earthquakes and
there are extremely long waves that ftravel hundreds of miles per hour
across the ocean. In spite of an almost endless list of waves phenomena,
there are two general 51milaritie§ that link all waves:! (1) the trans-
mission of energy through space and time with (2) little or no permanent -
disturbance of the medium. .

No one doubts that ocean waves can transrwit large amounts of energy.
They do so quite efficiently. The damage inflicted on offshore plat—
forms during hurricanes certainly demonstrates this ability. When we
say that waves do not cause a net movement of the medium, we qualify
the'statement for ocean waves. As the water becomes shallow, a tendency
:for movement increases. However, in deep water, a small floating object
e;periences little movement other than ar up and down motion as it rides
the surface of passing waves.

A detailed examination of ocean waves requires a mathematical point

4 of view and we shall define some basic characteristics before continuing.

We consider that a wave has amplitude, wavelength, period, and phase.
Let's focus attention on a single train of waves of pure form moving at

constant speed in a given direction without chaning shape. The particular
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ghape of the wave train is sinusoidal and a portion is shown in Figure 4.

We say that the curve represents soge property of the wave such as the
elevation of the ocean surface from the datum. In this case the datum is
tha mean water level, an equilibrium position of the surface in the absence
oflwave action. The amplitude (A) of the wave is defined as the maximum
¢ertical displacement of the wave frow the horizontal datum, that is, the
displac nent at point (a) in the figure. 1If we think of the length along
the datum as distance, as it would be in a photograbh, the horizontal
length vetween (a) and (b) is known as the wavelength (L). When the length
along the datum represents time, as in a recording of the water level at

a tide station, the time interval between (a) and {b) is called the wave
period (T). liave period and wavelength represent a constant time and dis-
tance between any two points on the wave form thai .are of equal phasg, At
points of equal phase, the elevations of the sinusoidal wave are equivalent
ard the wavo.is changing in the same manner. !Ne can understend this by
inwggining the wave of ?igure 1 to be moving from left to right. Now the
water at points (c), (d), and (e) are at the same elevation, but experién&e
tells us that the water is rising at (c) and (e) and dropping at (d).
Thus points (c) and (e) have the same phase, or are in phase, while poinis
(c) and (d) are out of phase. The phase of a wave relative to some ar-
Litrary origin éuch as the one at (f) is often used to establish space and
time relationships between different wave trains.

The natural state for ocean waveé is one of some degree of con~
fusion. This is brought about by the simultaneous superposition of many
wove trains of different origins and shapes. A century ago, the Frenchman
Fourier demonstrateC that descriptions of the wost complex wave systenms
~an be carried out by the addition of numbers of ure sinusoidal components.
Fach componqnf wave in a Fourier analysis has its basic properties suitably
s2lected according to Fourier's mathematical method. This is a remarkable
milestone ir scientific research and has evolved to modern spectrsl analysis;
2 vowerful computer method for decomposing waves into sinusoidal or spectral
coaponents for study. Thus, investigators find it convenient to examine

ocezn waves and tides according to their component frequencies. The wave
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is merely a number representing the inverse of the period and has units
of cycles per unit time. Figure 2 presents a hypothetical spectrum of
all surface waves on the ocean. The vertical scale of the graph is

the relative amount of energy found in the spectrum. The two horizontal
scales represent wave period and wave frequency in cycles per second.'

lle can make some general observations about tiis spectrum immediately{
Just as the el cctromagnetic spectrum has visible and inv131ble portions,
ocean waves with perlpceﬁbetween.0.1 and 30 seconds can be seen. Waves
with periods above this range may be visually deteuted.only in terms of
their effect at the“coastlimee, as in the r&se and fall or the tides.
Below the visible range, that is, below capillary waves, oscillatory .
motione fall into the feaim of acoustic (sound) waves. Waves belowfa
period of 30 seconds are geperally referred to as wind-induced‘ahd‘have
wavelengths that are much shorter than the depth of the water.

The capillary oaves at the low period end of the spectrum are
geqereted by the trection of the wind on the surface of the water, whicb
is a function of wind speed. At inception, a slight ridge of water is
formed that 1ncreases the area of the surface expOSed to the wind. This
permits more energy to be imparted to the water and results in what we
call ripples or cat's paws. If the action of the wind persists, more
energy is added and a wate system begins to g»ow in size and period ikto
the ultragravity wave portion of the spectrum and beyond. This process
is not always straightforwerd. A3 the ratio.ff the height (twice the
amplitudc) of a wave to its wavelength approaches 1:7, a wave becomes
unstable at its crest. 30, as the wind imparts snergy to a wave system,
the amplitudes can grow to the point of instability and cause the wgve
crests to break. Vhen this happens, a portion of tiie wave energy is
lost through turbulence and the remainder passes on to waves of higher
period. Ashlong as the energy received from the wind ;e‘greater than
that lost by the turbulent action at the crest, the_wave system will
resume its growth. In this manner, capillary waves and ultra-gravity
waves become stages of growth in the development of wind generated

waves. Further, observation has shown that even in high winds, ripples.

v
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and small waveléts are rresent on the surface of larger waves, So we
should expect the entire spectrum of wind wsves ultimately to be present
under the continuing wind of a storm. These waves are known as sea, in
contrast to swell, which consists of longer, high period wind waves from
distant storms. .

The relatively large amount of energy in the ordinary gravity‘wave
band of periods represents‘the accunmulated effect of the wind. Praétically,
the full development of wind waves depends not oﬁly on the wind's speed,
but also on its fetch, which is the distanceﬂover which .the ‘wind acfs.»
and on its duration. The prediction of the‘height of waves ‘reaching the
near shore depends on all three of these factors. At present, modérn
methods such as spectral analysis and the techhique of receiving daéa from
satellites are being used to extend the accuracy of wave forecasts. Vave
forecasting has been going on for quite a while, however, One well=known
rule was proposed by Thomas Stevenson in 1850. From his observations at
the Firth of Forth in Scotland, Stevenson related the wave height (H) to
the square root of the fetch (F). Uhen the fetch is greater than 39

miles, the formula for the height given by Sté?enson is
. ———
H (ft) = 1.5 AF (miles)

This empirical relation was used by engineers to estimate wave heights
due to gale force winds until just recently. fncidentally, Thomas Stevenson
has another claim to fame, a rather well-known son, Robert Louis.

The infra-gravity region of the spectrum is'characterized by waves
known as ground swells, surf beats, and seiches.'.Cround sgells are gen-
erated by the wind and changes in atmospheric preséure associated with
large scale storms at sea. These 16ng. regular wavé'trains travel with
much greater spesed than the storm system from which1£hey originate. As
a result, their arrival at a coastline has long been known to warn of the
approach of a storm. The origin of surf beat is not completely upderstood.
One explanation points to the v.rying ability of breaking waves to trans-

port watef tovards the shore, higher waves having a greater capacity than




lower ones. If groups of waves of fairly uniform hei ht are regularly
interspersed with groups of wgves that are smmewhat lower, a rhythmic
outward surge of water will result as the lower breakers move towards
the shore. Surf beat is oscillatory and has periods appreximately ten
times that of ordinzry wind waves.

The term seiche actually covers a wide range of phenomena. In con-
trast to the waves discussed so far, seiches are not identified with a
specific generating mechanism. Oeiches are long wave oscillations
triggered by'ény'distdrbance which can displace the water mass in an en-
closed basin or a bay openxng on a larger body of watdr. The waves occur
vhen displaced water attempts to return to its equilibrium position, and -
they take a palticular form known as standing waves, Seiches have a
spectrum of their own in which the perioda are multiples or harmonics of
a fundamental escillation. In the fundamental standing wave, two long
waves of a wavelength twice the length (L) of a basin travel in opposite
dlrections through one another. They are superposed and form a wave which
produues up-and-down mevements known as antinodes at either end of the
basin, Figure 3 shows the fundamental seichenode or unimodal node for a
'rectangular basin of uniform depth. Note that the antinodes are out of
Phase. Betgeen the ends of the basin the water level has one point
which &  not take part in the oscillation, the ncde. The position of
tais node, he vater level excursion at the antinodes, and the seiche

pefiod are c¢rit. aily dependent on the underwater topography and the shape
) of the basin (The antlnodes are greatly exaggerated in the flgure.; For
calculatlons of their speeds, seiches are normally considered as long
waves. The formula for the speed is given by 7§5 » where g is the
gravitational acceleration constant and D is the depth of the water. TFor
this calculation, the depth of the water is taken from the equilibrium’
poéition of the water. Thus the fundamental period of the seiche in
Figure 3 is '

2L
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Note that the basic time interval associated with the wave is simply the
basic length of the wave divided by its speed.

YYhen one end of the Basin is femoved; that is, when the geiche is
in a bay, the physiczl situation is analgous to the one in which soﬁnd
waves are produced from an open organ pipe. The fundamental peridd for

a seni-enclosed bhasin 6r bay of'length L and uniform depth D is

twice that of the equivalent basin period. The oscill.ation takes place
around & node at the bay entrance as shown in Figure 4. A‘compasison of
the figures wil show that the seiche in the bay has a wavelength twice
as long as its c uaterpart in the Basin. Seiches in banins can be generated
by atmospheric eftects such as pressure changes associateq ?}th squall
lines or, as in the case of the lapse of a persistent ohshore ﬁind, by the
novemnent of a mound of water that has been pushed against‘the shdre. Flood
waters discharging into lakés and the tilting of the basin that may occur
during an earhtquake also account for seiche motion. Once éenerated, seiches
are often quite long lived, since only the small amount of friction produced
at the basin bottom dissipates the waves. _  ' i

Storm surges and tsunamis are typical of the waves in the‘long wave
section of the spectrum. Tsunamis are destructive waves that doﬁprise a
progressive wave train associated with strong earthquakeé. Thé principal
sources of these waves are vertical displacements of the seua bed on the
periphery of the Pacific Ocean. Due to their great length and small am-
Mlitude, it is almost impossible to see them at sea. Tsunami wavelengths
are nominally those of the characteristic lengths of the seismic source
and can zange from tens to hundreds of kilometers. Tsunami wave amplitudes
have never been measured in the deep ocean environment, but at islands,
tidal records suggest that they do not exceed six feet. As long waves,
their speeds are given by ﬂ[&ﬁzyand‘this yields -speeds of hundreds of

miles per nhour. Unfortunately, this means swift transportation of great
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energy derived from earthquakes. At coastlines, these waves are modified
by the change in depth and the, increase in amplitude to produce 55vere
flooding and, if no warning has been fecoivedﬁ loss of life. Storm surges
can cause similar inundation of low-lying lands, but they build up
graduaily over a longer period of time. Coupled with the storm system,

a surge of this mature usually lasts for several tide cycles. It is
praceded by ground swell and can have seiche~like resurgences after the
storm hae left the vicinity of the coast. The storm surge is primarily .
a response to the fluctuations of the barometric pressure generated by
the storm, even though the direct action of the wind is present aud a
contributing factor.

Disasters produced by long period waves have been recorded for
thousands of years. 'In recent times, a tsunami struck Jaman with waves
over 100 feet high on January 15, 1896, HNearly 30,000 persons were
killed by these waves, literally within minutes. The Netherlands has
suffered repeatedly from storm surges. In Januray, 1953 an extrenmely

intense storm moved south through the North Sea, towards the European

-¢:coast. A combination of high winds, long fetch, very low barometric

pressure, and long duration generated a ten foot water.exoureion cver
pthe normnal high tide level. In the low-lying Netherlands, i800 lives

;'werejlust and 800,000 acrea were flooded and ruined by salt water.

1 .
+

Tides

The tidee are the rise and fall of the ocean's waters that occurs
' with a predictable rhythm,. They are known as astronomical tides because
their generating mechanism is the gravitational attraction of the moon

and the sun. The repetition associated with the sun-earth-moon system

- is responsible for the changes in the tldes and for their principal

periodic values of 12 and 24 hours. In Figure 2, the tides are shown
as two large spikes of energy in the long period region.
Tides are known to be oscillatory waves which have wavelengths

roughly equivalent to half the circumference of the earth. In reality,
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ccmplets wavelengths will not fit into the earth’s oceans because of the
interxening land masses. This fact, in conjunction with relatively small
wave auplitudes and the scarcity of steady observation platforams at sea,
tenders it difficult to obtain a complete picture of the 6idal movements
of the vorld's ocean. Therefore, tidal meagsurements at coastlines and
isolated islands in the mid-ocean regions are the only available data and
the: picture is, at hest, sketchy. Tide records at a given coastal posi-
tion provide the data necesssry for predictions of range and periodicity.
The tidal excursion from mean sea level is quite dependent on the local
underwater topography and Brdinarily in one to three meters. In some bays
and estuaries the water level is controlled bty a seiche response of the
water to the oceanic tidei This can lead to extreme fluctuations, such
“aé the tidal range in the Bay of Fundy, which exceeds 15 meters.

Very early observations connected the phases of the moon with the
rassage of the tf 'es. The simplest observations correlate the smallest
tida]_range, the neuap ‘ides, with the first and last quar@ers of the moon
and the greatest tidal‘ranges, the spring tides, with théyfull and the
ney moon. Within each day, the uaximum rise is known as high water and
the mininum level as low water. Vhen the water is rising, the movement
is known as the flood and during the recession of the water, it is called
the ¢bb. The ave age observed time interval betwecn successive like
phases is 12 hours and 35 nminutes, so taat high and low waters occur some 50
rinutes later each succeeding day. ‘ie should expect that this bdasic
perfodici{ty and the _hase lag wo 1d be correlated with the motion of
the moon, &nd it is. The moon crosses a given ..eridian with a 50 minufe 4
leg daily.

The ocean &nd its movements have long held the imagination of man.
Even so, in the 'lestern world, the tides were not connected with the phases
of the moon until mariners ventured from tne largely tideless Mediterranean
Sea ard traveled along the shores of the Atlantic Ocean. As a result of
shese explorations, the Roaan Plinius drew an aciurate correlation between
‘ides and the moon shortly after tne time of Christ, tut for many centuries

no one could offer a cocnvincing explanation of the means by which the distant




moon could move the oceans. The answer lay in.the laﬁ of universal
gravitatioh which was formulated by Isaac Newton and published in
1687 in his monumental work the Principia. Using his law, Newton
advanced an hydrostatic explanation of the tides which is known as
the equilibrium theory. A number of scientists based their invest-
igationé on this method, most notabdly Daniel Bernoulli in 1738. The
central facet of the equilibrium fhéory it the deformation of the

‘ocean surface by the gravitational attraction of the sun and the

moon, * Thirty-six years later, Laplece put forth the first dynamic
theory. one considering tides as progressive waves. “illiam .
Thomson, Lord Kelvin, was the first to utilize harmonic analysis
to - study and bredict the tides. Thomson, George Darwin, and A, T.
Doodson contributéd greatly'to the develornenf of this modern
technique (see discussion of spectral analysis beginning on p. 78).

Newton and his contemporaties were the first to foruulate the
tide-raising forces generated by the gravitational attraction of
the sun and the moon. Newton's law of gravitation

Mm

Fax
D2

relates the dependence of the attractive force F between %0 masses
M and m that are separated by e distance D. The equilibrium theory
of the tides begins with a rotationless, spherical earth totally
covered by an ocean of uniform depth. A celestial body near the
earth will then cause the ocean to assume another shape due to its
gravitational attraction. Newton's line of reasoning went as
follows. The celestial meciianics of a two body system is based on
the motion of the central body and the smaller, -econdary body
qbou@ taeir common ctenter of sravity. Thus the earth and the moon
rotate about an axis vhich is fixed, JO000 miles from the earth's
center, by their relative masses. The dystem is shown in Figure 5.
In the absence of diurnal rotation, the centrifugal force acting ¢n

all the particl s of the earth's mass it of the same zegnitude and
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in the same direction, away from the center of mass. The moon experiences
a similar centrifugal‘force. These centrifugal forces acting on the earth
and the moon are, on the wuole, balanced by the mutual gratitational
attractions. “This must be so t- ;.. potu.te their association. However,
on ci§§gr examination,‘we can discern that the_attraction generéted by
the.moon for Llhe ocean Qaries.‘ In Figure 6, at the zenith, the distance
from tue moon to the earth's surface is roughly 59 earth raddi, while at
thé n;dir the distance is 61 earth raddi. This small change, reTlected
in Newton's law of gravity, is tae central point in the equilibfium theory.
The Newtonian force at the zenith is greater than it is at the nadir. In-
deed, at the zenith, the Hewtonian force exceeds the centrifugal force
and the earth's ocean is pulled toward the moon. The centrifugal force
at the radir is greater than the Neuwtonian force and once again the ocean
is pulled away from the earth. The result of combining these forces over
the earth is shown in Figure 7, where the length of the arrow indicates
the relative strength of the force. Calculations show that the forces
produced at the zenith end nadir are very nearly equal to one another in
magnitude. o .
Any force may be resolved into components and we will consider the .
forces shown in Figure 7 in turms of a component vertical to the ocean
surface and one parallel to the surface. The verti€al component pro-
duces no motion in the horizontal direction and is of little consequence
in the study of the tides. The horizontal component is the tractive force
which acts on the ocean and produces the eqﬁilibrium tide. Clearly, at
the genith, the nadir, and midway between, the tractive, tide-generating
force vanishes. Figurq 8 shows the variation of thie force on the surface
of the ocean. Notice that it assumer its ,reatest value on the latitudes
that are 45 degrees from tie zenith and the nadir and taat everyvhere with-
in a given hemisphere the ocean is impelled toward the pole. %ithéut cor-
sidering the motion of the water, the ocean 3ill take an equilibriun shape
under the action of this field of force. The new shape can be mathematically
derived and is geometrically known as an oblate spheroid (overwéight football).
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The ocean bulges at the zenith and the nadir and is shallower at the
mid-point or equator. 4n equilibrium tide is shown as the dashed line
in Figure 9. Ocearographers refer to this shape as the tide potential
of a celestial body.

e have shown the deriv.tion of a lunar equilibrium tide. A simi-
lar tide is associated with the earth-sun system although it is somewhat
smaller in magnitude. The magnitude of the solar tide, Ts, is related
to the lunar tide, Tm’ by

\lhere Hs' Mm are the masses of the sun and the moon and the distances
Dm' D8 are measured from the center of the earth to the centers of the
moon and the sun, respectively. So we have the result that the lunar
tide is, on the average, roughly twice that of the sun. On our model
earth, the marximum tides predicied by the equilidrium theory ame about
35 centimeters (14 {nches) for thelunar tide and about 16 centimetars
(6 inches) for the solar tide. These results probably come closest
to reality in water of oceanic depths tar from the influence of land
masses,

So far we have developed a static theory which gives us an idea of
the dasic forces operating to produce the tides. Y%e can new pegin to
oxamine more subtle aspects. The rotation of the earth brings a given
meridian beneath the sun once every 24 hours, the mean solar day.
Successive solar high tides are then simultaiieously generated at the
genith and the nadir every 12 hours. This is the period of the solar
tide. If we begin with the sun, tihe earth, and the mcon in conjunction,
a9 i8 shomn in Figure 10 (a), 29% solar days must elapse before the three
bodies again achieve this juxtaposition, Figure U {(e}. During one
solar day, the moon must then travel around the earth an angulaer distance
of 21/29.5 radians. A given meridian would have to turn through
20 » 27ﬂ/29;5 radians dajly tuv keep up with the moon. Since the sarth



turns through only 2 7, radians each day, the moon crosses each meridian
50 minutes later each day. For the lunar tide,'the result iz a period of
12 (% + 1/29.5) hours, or approximately 12 iours and 25 uinutes. As we
have noted, obtservation has confirmed that the high tides, on the average,
occur aporoximately every 12 hours and 25 minutes.

The slight difference in the lunar and solar tide period gives rise
to the monthly tide cycle. Ba2ginning with corjunction, the lunar tide lags
behind the solar tide by 0.8 hour for each successive day. In approximately
74 days the iag has grown to six hours and the moon hés passed around the
earth to the position shown in Figure 10 (b). The masimum opposition of the
tide~raising forcés of the moon and &le sun occurihere. Therefore, a neap
tide results at the first quarter of the moon. Iilathematically, this is
the point of maximum interference (i iwo waves of different amplitudes
and reriods, {1e-lunar and tre solar tide waves. A simple extrapolavion of
these argﬁments will permit the reader to generate the entkre cycle of
the high aﬁd low %tide ranges.

So far we have examined the tidal generating mechanism from the stand-
point of a sinple model, an hydrostatic deformution of the ocean's surface.
A more complete picture of the tide can be achieved with a dynamic model
in which the primary responses of th2 o2ean are progressive long waves.
Recall that the equilibrium theory presumes the earth to be completely
covered by an ocean of uniform depth. In reality, the continents end under-
water topography play a major role in Ehe development of tae tide by modi-
fying the progressive long waves.

Let's consider the North Atlantic Ocean. As the earth turns from
west to east, a point directly beneath tie moon will move across the ocean
from east to west. Progressive long waves are generat d which & ve fron
the Buropean shore toward North America, associated with either the genith
or the nadir, once every 12 hours. As the continental slope, these waves
are reflected with very little dizinution in anmplitude and, by interacting
with incoming vaves, tend to set up a standing wave system khown as the
co-oscillating tide. As we noted in the section on waves, simple standing
vaves have Characteristic nodal points that are fixed in space. Observation

has suggested taat similur nodes exist in the oceanic tides.

88




*319/£> aeun)
9y3 bursnp yjuea ay3 pue “uoow Yy ‘uns Y JO SuorILsod dALeLAL Iyl 0L “Hig

on u3lwvnoisvi  Nony  ¥3lwwnoast  NOOW
(3) (P) (9) (Q (D)




"uRaD) DLIURIIY YIMON 3yl Ul Ipi3 4210S pu2 aeuny tedioutad ayy -g1 *6id

MeO/ MsO2 Mo 0f MO0 N.Ot M. 08 M. 09

MOL
«0

.oy
N.Ol

M08
N.O!

Je02
N.O2

3 " “Qﬁ

JeOF

. o /] n.02
N.O¢ |-

FeOF

[T
No.Ov N.OS N.OS

N.OL N.0O9 N.O¢ Ne.O?® N.Ot




The developuwent of nodes in the co-cscillatinrg tide is strongly
influenced by tne rotation of the earth about its axis. In oceans such
as the North Atlantic, the earth's spin gives rise to rotational wave
motion that modifies the simple progressive wave picture. To see how
this hapjens, imagine an ocean-sized cylindrical basin of water that is
not rotating. iMen tilted siightly, the water will be high on one side
(approximating the tide potential) and waen righted, the water will move
directly from one side to the opposite side in a sloshing motion. A
nodal line extending completely across the basin will exist midway be-
tween the sides. Now if the tilted basin is on an earth rotating from
west to east and is righted, the high water will not move as before,

. but will gouorate a wave traveling aronnd the basin in the sense of its
rotation. 1In this case the nodal line must also rotate 'so that a com-
. plete circuit of the wave around the basin defines a single nodal point
_dn the centre. For the oceanic ¥id2s a humber of these points are pre-
sent and are known as ampajdromic points of the co-oscillating tide.
These may be regarded as rotational features at which no tide is ex-

. periepced. The tides in the North Atlantic Ocean are influenced by
three amphidromic pointé:"ln Figure 11 & rough sketch of the tide is
presented and tiese points are shown as open circies with lines radiating
_from them that are called co-tidal lines. Co-tidal lines join pointa
4of equal.ﬁﬁase for the rotating ti{de waves Hnd aré drawn at one hour
interVa{s in this figure. The significance of 12 lines about each node
should b2 apparent. For examplo; a high tide occuring at co;t{dal'lines
.3 (Caribbcan, Portugal Iceland) occurs simultaneously with low tides
along lines 9 (Cape Yenrde, Greeﬁland, Scotland). One hour later, the
high tides would be along 1ines 4 and tne low tides on lines 10. As

a point of emphasis, w2 sho&ld rer:amber that the observational evidence
for ?nis co-oscillating picturg of the tiles is takz2n mainly on con-
tinental shores. Reecent tide studies using électronic'computefe have
st;nglated studies of data for hitherto unresolved amphidromic points.
One such poini“;as "found® in the South Atlanfic Ocean by computation
and has been tentatively identifieu in tiae tide observations of the area.
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6., OCEANIC CIRCULATION

" by Lynn Forbes
Oceanographic Education Center

' Canses and General Description

The.energy that drives oceanic circulation comes frum the sun, Its
radiation causes winds to blow and makes water in one place more dense
than water in another. In combination, the wirds and changes in density
set up forcaes that move the water around in the ocean, .

The density of sea water.depends-on-its temperature and .its salinity,
end it will become more dense and beginito sink as it becomes colder and
seltier. Salinity can be increased through evaporation or freezing. In
bofh cases, Lter is removed .from the surface layars (as vapor in the
first instance and s ice in tae tecond)leaving a saltier solution be-
hind. However, an increase in salinity through evaporation is not very
effective in initiating circulation. - The’ resulting 1ncrease in density
is usually balanced by a decrease due to a'rige in temperature and the ..
saltier water remains on the surface. Cooling and the formation of ice,

'then, are the principal causes of density--driven circulation. 4 flow
:w1ll result vhenever a mass of dense water overlies water that is less
dense. The senser water will sink beneath the surface until it en-
counters a layer of even denser vater or until it reaches the bottom.

. Most of the deep and bottom waters of all the oceans are formed in
polar seas adJacent to the North and South Atlantic Oceans. Here, the
surface waters sink because they have become relatively ddnse either
from cooling or because ice has frozen out. They spread slowly towards
the equator filling the central ocean basins, and they are replaced by
mater that rises from intermediate depths and spreads towards the poles.

: Thus, the’ typical direction of motion resulting fzom changes in den314y

’.is vertical and the initial downward motion in one area is compensat<
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for by an upward motion in another. Great maesses of water with character=-
istic temperatures and salinities flow in between, spreading horizontally
at different levels either north or nouth. It is probable that the hori-
zontal flows are unevenly distributed, being stronger on the western

sides of thw oceans, It is not certain whether all of the deep waters

are being formed continuously or whether most of - them have sunk only at
certain times when the climate has been extremely cold.

Water masses are identified and’ thieir. movements traced chiefly by
their physical properties and by their chemical characteristics, which
they retain'to a remarkable degree over long distanCes and periods of
time. They are. classified according to relative depth as botton, deep,‘.-

intermediate, and eurfaca waters. ~Surface waters extend to depths of

only a féw hundred meters eud they are distinguished from the deeper wstersl_:'

in that their motion is affected directly by the wind. :
Water.that flows under the stress of the wind, moves horizontallx but
in the open ocean at least, it ‘does not move in the _same dlrection a8 .
that in which the wind is blowing. Rather, the flow is deflected by the
effect of the earth's rotaticn (the Coriolis force) in a direction 45°
to the right of the wind direction or clockwise in the northern hemisphere |
ahd 45° : to the left or counterclockwise in the, southern.: The wind, how=
ever; 'impinges only on the surface. Its force is translated downwerd hith_
dininishing effect to each succeeding layer of water by the ‘one immediately:
atove it. The result is that at increasing depths the water is’ transported
farthur and farther to the right (or the left) of the wind, but with de~
creaeing speed, Theoretically, if the water is deep enough (100 to 300
meters) and the land does not interfere, and 1f there are no conflicting .
deep water motions, the net tranaport of water under the influence of the
wind is at an angle of 90“ to the direction. of the wind, to the right in
the -northern hemisphere and to the laft in the southern, - .
".“In certain areas of the surface layer, the typically horizontal : .
mbtion of the water develops into swift and concentrsted flows. "he sur-
face flow of the Gulf Stream, in which the water can attain a speed of
five knots, is & notable example. Such well defined streams are described
us currents, a term'which is not usually applied to the slow and steteiy
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motions which characierize the deepur waters, but which is often extended
to include horizontal movements tha§ are distinctly more diffuse than
those of the Gulf Stream.

Figure 1 shows the preVsiling direction of the winds near the
earth's surface in the three‘principsl wind zones of each hemisphere. .
It can be seen that if the winds and ihe Coriofis'force were the only
influences on surface circulation, currents would flow around the earth
in alternating bands going east and west. The only pluace where this
actually happens is in the Antarctic Ocean, where the major current
flows eastward around the globe: In the rest of the ocean, the con-

tinents are in the way. The effect of the continents and the Coriolis
force combine to set up. great clockwlse circulations in the northern
hemisphere and corresponding cnunterclockwise gyres 'in the southern
(Figure 2). _ , :

The gyres originate in:the. broad bands of currents flowing westward
north and south of ‘the equator and. they are set in motion’ by the trade
winds, which blow more steadily than those in the earth's ‘other wind
belts. In the northern hemisphere, the westward flowzng ﬁurrents are '
ﬂeflected northward (to the right) along the eastern margins of the con=:
tinents. As they approach the latitudes of the prevailing wusterly winds
they again trend right and flow eastward towards the western seacosasts
~ of the continents. Here, they turn right yet again, moving southward to
feed back into the ourrent flowing westward along ‘the equator. '[he same
thing happens in the southern hemisphere except that the Coriolis force
causes the currents to turn coustantly to the 1eft. The clockwise gures

of the northern hemisphere are separated fron the countprclockwise gyres
in the southern by narrow countercurrents that_rhn'easiﬁard along the
equator in the region of the doldrums. ' ' .

Although it appears that the, wind is the principal agen of motion .
in the surface layer of ocean water and that density changes are chiefly:
responsible for circulation in tne deeper layere, the situation is not . .
quite so simple as that. The ocean is continuous. Magses of water.moving

in one direction encounter masses of water moving in another and ithe two
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interact as they flow past one another, It is possible for the wind it-
self to cause imbalances in the distribution of density by blowing cold
water overtop of that which is warmer. On the other hand, any dense water
that has sunk from the surface and is flowing at depth must exert an in-
fluence on the motion of the water above it. For the sake of convenienge,
the two driving mechanisms have been discussed segarately, but it should
be remembered that for a given case it is not always possible to tell
which of the two is predominant. 'The motions caused by density changes
and the motions induced by wind interact, and any separation is, to some

extent, arbitrary.
Surface Currents

Since the Antarctic Ocean (Figure 3) is ccncinucus with all the other
oceans and interacts dzrectly with ‘each,’ its, aystem cf currents will be
described first. In a narrow zbne near the ccast, weak currents flow west-
fward undér .the influence of the prévailing easterly wands. ‘Farther: away
from the’ cortinent, the grand Antarctic. Circumpolar Current -or West Wind
Drift moves eabtward around the globe, Jt. is driven inrgely by the fric-

’ tional stress-of. the westerly wind which predominates in the latitudes
between 60° 5-and 40 S. The Coriolisiforce. contributes a northward com=
ponent to this broad current which gives rise to the Antarctic Gonvergence,
a gone circling the continent at about 50 S latituie in which ‘some of
the cold, dense Antarctic waters sink beneath the surface. A second region
of sinking farther north, the Subtropical Convergence, defines the lige
along which the currents flowing south in the Atlantic, Pacific, and Indian
Oceans merge with the West Wind Drift. Their average positions:are shown
in Figure 4. Sinking also takes place immediately off the coast, partic-
'ulariy in the Weddell Sea, The boundary between tne westward flowing
currents near the margin of the continent and the eastbound Circumpolar
_Current marks an area of divergence where deep waters are rising to the
.Hvsurface.- These rising and sinking motions, aerve'tc keep the nutrients,
which normally. sink slowly to the bottom, circulating In the upper waters
of the Southern Ocean, Jaking it one of he. most fe1tile ocean areas in
" the world, | '
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March, otherwise the map shows average conditions for no particu-

Major features of the surface circuiation of the oceans.
lar time of year.

Figure 2.



Figure 3. Antarctic Ocean - Surface circulation and mean positions of
the Antarctic and Subtropical Convergences. (From George L.
Pickard.)
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In contrast with the Antarctic, the Arctic Sea is practically sur-
“trounded by land and water does not flow freely in and out of the openings
-that do exist. Its passage is restricted by sills that rise relatively
. close to the surface across the connections with the Atlantic and Pacific
”dceans. The connection with the Pacific is especially shallow and narrow,

~ .and, though some water enters the Arctic through the Bering Strait, most

‘of it flows in arcund Spitsbergen and out past the northeast tip of Green-

land. Circulation within the sea itself is quite complicated, as illustrated

in Figure 4. The Lomonosov Ridge, which divides thv Arctic into two basins
along a line which extends across the North Pole from Greenland to Siberia,
~especially restricts the flow of the deep waters. :

The circular flow of surface waters in the ‘South Atlantic (Figure 5)
begins in the region of the southeasterly trade_winds. Here the South
Equatorial Current moves westward towards South America. Part of the

.qurrent turns’northward. o.. tiie coast ofvBraz. i and passes across the

4 equator‘ipto the North Atlantioc. The rest turns south aiong the coast of

South Appfica-as the warm, saline Brazil Current. This turns eastward

and the circulation continues as part of the West Wind Drift to the

gsouthern tip of Africa where the cold, less saline Bgnguela Carrent runs

~up the coast feeding back into the South EquatorialICﬁrpgnt.. Some water

. 'enterg,the South Atlantic through the Drake Passage and travels up the
coast of Argentina. Another contribt:tion arrives from the Indian QOcean,

Jflowing round the Cape of Good Hope and augmenting the Benguela Current,

'. The North Atlantic gyre (Figurc5) originates in the North Equatorial
Current which flows westward in thé':Agion of the qdrtheasterly trades.

,‘It‘is Joined in the west by the part of the South_Eguatorial Current that
passes northward across the equator. It then splits and part of the water
tflows outside the West Indies while iiie rest flpwt theough the Caribhean

. into the Gulf of Mexico. This portion passes through the Gulf and goes

out between Florida and Cuba as the Florida Current. The two parts re-

,jqin off the east coast of Florida and continue northeastward as the Gulf
étream from Cape Hatteras to the Grand Banks off Newfoundland. The more

ﬁtffuse current flowing northeast from this point is referred to as the

North Atlantic Current. Part of this current turns northward between
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Scotland and Iceland and continues into the Arotic. The remainder goes
down past Spain and North Afrioa and flows back into the North Fquatorial
Current. Separating the North Atlantic gyre from that in the South At-
lantic is the Equatorial Countercurront which runs eastward towards_thé'
African coast betwoon the North and South Equatorial Currents. There ié
~.0180 evidence of an Equatorial Undercurrent flowing in the opposite
direction below tho surfacc. -

. The conspicuous feature of the North Atlentic surface circulation is
the swift and concentrated flow on the wost, represented by the Florida.
Current‘and_the Gulf Stream, which contrasts sharply with the broad and
ill~defined southward flow over mcst of the rest of the ocean., Never-
theless, the Gulf Stream does not flow in a consigtent, well marked
channel as "a river in the ocean." This warm, reolatively saline current
more nocarly resembles a sinuous series of filaments of current which are
usually changing course and meandering, and sometimes'breaking avay al-
togehter. Thore 1s some evidence of a strong, southwest pounteigurrent
flowing deep beneath the swiftly moving surface waters...ﬂowever; the most
recent evidence indieates that the Gulf Stream extends all the way to tle
bottom, and that the subsurfaco countercurrent is either intermit;gnt or
is flowing parallel to the Gulf Stream on the inshore side. | _ |

-At the surface, *the Gulf Stream is separated from the coast of North
Amgzjca.by relatively cool water which flows southwestward along most of
its length., This is fed partly by the Labrador Current which, in turn,
is- a continuation of the surface outlfow from the Arctic. The largest
volume of water coming out of the. Arctic passos élong the surface down
the east coact of Greenland, .around the southern tip, and up the. west
coast. This current joins the Arctic water flowing down' through fhg
Canadian Archipelago and continues south as the Labrador Curreﬂt._ off
the coast of Newfoundlend, most of this fgeds into the llorth Atlantic .
Current, but some of its cold water ie sent down along the northeastern
coast of the United Stutes as Tar as Capse Hattoras. .

It has been widely reported that relatively saline water at the
surface east of the southeirm tip of Greenland wvhich sinks as a result of

winter cooling supplius most of the deep water of the North Atlantic,
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Figure 5. Surface circulation of the Atlantic Ocean.
(From George L. Pickard.)
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However, the latest studlies (L.. V. Worthington,‘1970) have confirmcd

accunulating evidence that points to the Norwegian Sea as the source of

., most of the deepest water in the North Atlantto. The rolatively ligat
) water flowing into the Norwegian Sea is cooledvby the atmosphore, be-

cowes very dense, and sinks. Present indications are that some of this
water spills out over the deepest part of the sill that entends between

) Scotland and Iceland and that it is principally this water that spreads
h southward along the bottom of the North Atlantic Ocean. In the south

polar regions, the dense water that sinks from the surface of the Weddell
Sea as a result of winter cooling and freezing supplies most of the-
bottom;water that circuleates in the depths of the South Atlantic, the
Indian, and the Pacific Oceans, Another source of deep water 1s the
Mediterranean Sea, though water that originates here does not sink all
the way. to the bottom.

Water flows into the Mediterranean through the Strait of Gibraltar,

but it flows out again only beneath the surface., Because thore is an

" “excess of evaporation over precipitation in the Mediterranean, warm.and
"salty water forms on the surface. Off the southern coast of Turkey, -

the salty surface water cools during the winter, sinks to intermediate
depths, flows along the coast of Africa, and passes out 1nto tho Atlantic
underneath the incoming water. Most of the warm, salty water that flcws
out of the Red Sea enters the Indian Ocean beneath the surfaCe for similar
reasons. However, it does not spread as far as the Mediterranean water,
ﬁhich can be traced far out into the deep waters of the North and South
Atlantic and even around the @ape of Good Hope into the Indian Ocean,

As is the case -in the Arctic, the MNediterranean is d1v1ded into ‘two
baains. A 8il) extending from Sicily to Africa rises to within 40Q
meters of the surface and aeparates the western basin from that on the

east, A shallow sill is also present across the Strait of Gibraltar,

- BExcept as it circulates upward into. the intermediate waters, the deepast °

water remains in the Mediterranean and doss not flow into ths Atlantic.
Bands of currents flowing alternately east and west parallel to

the equator distinguish the surface circulation of the Pacific Ocean

(Fignre 6)1 Until recently it was thought that there were three currents
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as there are in the‘centrailktléhtic, the westwar& flowing North and Sov h
Equatoriaf'Currents separated by‘an Equatorial Countercurrent flowing

in the gpposite direction. About 1960, however, a narrow, fairly weék
countercurrent vas identified in the South Pacific effectively dividing
the South Equatorial Current-in two. As a result.'thefe are novw five
bunds of currents recognizéd‘in the central Pacific und it has been necessary
to assign new nameS. Vhat used to be called the Equatorial Countercurrent
is now named the North Equatorial Countercurrent. There is not yet a
general agreement on how t6 nene the currents situated on and south of

the equator., Figure 2 illusirates one nomenclature in use and Figure f
another. | ' " -

. Embedded ir the current moviﬁé west along tha eqﬁafor {8 the Cronwell
Current or Equatorial Undercurrent. (t flows eastward 160 meters or less
below the surface. ' © ' .

The North nquatorial Curreat defines the southern limit of the clock-
vise gyre in the North Paoific. Near the vestern side of the ocean, some
Qf‘thp vater turns south and merges into the eastward North Equatorial
Countercurrent -and some turns north. This part continues northeast as
the varm, intense Kuroshio Currént. ss it shifts to an eastward course
beycnd {he coast of Japan it becomes known as the Kurodhio Extension,

From the point where tho Oyashio brings in water_frbﬁ the Bering Sea and

the Sea of Okhotsk, the castward flov is referred to as the North Pacific
Current., This divides near the coast of North Auwerica and part of it
continues aouth as the Cali“oinia Current, which eventually feeds dack

into the North Equatorial Currcnt completing the gyre. The remainder of

_the North Pacific Current turns north to forn a counterclockwise gyre

flouing up along the ccast of Alaska, through the Aleutian lslands into

the Bering Seca, anl back down tovards the North Pacific Current as the Oyashio,

The South Equatorial Curiant foims the northern portion of the South

Pacific gyre. Continutng countorclockwise, the East Australie Current
_flova south along the weatern beurdary of the ocean. It carries less
wvater and 18 not as vell defineq aa the vestern boundary currents in the
other oceans, however. The 'lest wind Drift or Antarctic Circuapolar
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Current continues the gyre, and part of it passes up the coast of South
America as the Peru or Humbolt Current. This turns west‘close to the"
equator flowing into the Equatorial or South Equatorial Current,

Thé Peru Current is typical of eastern boundary currents. It is
a broad;'slow current carrying cool, less saline waters towards the
equ;%br. In sharp contrast, the western boundary currents, typified
by the swiftly flowing, concentrated Kuroshio, Florida Current, and
Gulf Strean, carry warm, salty water towards the poles. The Peru Current -
is assoclatcd with southerly winds blowing towatds the gquator parallel
to the coasts of Chile and Peru, Since the direction of net transport
by the wind is 90° to the left of the wind in the southern hemisphere,
the warmer surface waters move out to sea directly away from the coast
and cooler waters from a depth of a foew hundred meters or less rise to
take their place. This condition is known as upwelling and it occurs on
the eastern boundaries of oceans where the prevailing wind blows towards
the eqhator along the ‘western wargine of continents, notably off the
coasts of Peru, Califorria, and southwestern Africa. In these places,
essential plant nutrients which would othervise sink to the bottom are
continually being brought to the surface. The upper waters are rich in
»lankton as a result and the sea teems with fish, which depend upon the
plankton for their food, though the benefit is indirect in ‘the case of -
the larger fish because they usually eat the smaller fish and not the
tiny plankton themselves, A fuller discussjon of the biological signifi-
cance of upwelling is given in Chapters 9 and !0, ’

The Indian (cean is different from the Atlantic and the Pacific in
that nddt;bf it liesn sbﬂtﬁ of the equator, Although there is no northern
gyre, the counterclockwise gyre typical of the southern half of the other
oceans also doveldpa in the surfaco vater of the South Indfan Ocean
(Pigure 7). 1t is bounded on the north bty the South Equatorial Current
and on the south by the West Wind Drift. The western boundary current, -’
called the Agulhas, is characteristically intense and well defined during -
the months from Noveaber through March, but ite flow ie modified by the
situation an the equatorial region of the Indian Ocean during the other °
aonths of the year,
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From November throuéh March, the pattern of surface circulation near
the equator is similar to that in the Atlantic, with a North Equatorial
Current and a South Equatorial Current flowing westward ssparated by an
Equatorial Countercurrent flowing eastward. In Aprll, novwever, the time
when the prevaifing northeasterly trade winds north of the equator die
down and the southwesterly monsoon winds begin to blow instead, the North
Equa*orial Current reverses direction and the Monsoon Current flows east-
ward in its place (Fzgure . From Hay through September, the Agulhas
subsides and the swiftly flowing Somali Current, which moves northward
along the African coast, develops and becomes the domimant current on the
vest,

Measuring Currents

Han& kinds of data have been pieced together from many sources to °
ordatg!fhefpicture of ocean circulation as it is’ presently understood. -
Most or iﬁe information we have on surface currents has been gathered from
records th#t navigators have entered in ships' logs over the years, By
calculating the drift of a vessel away from the course it was steering,
experienced gseaman could compute the speed and direction of a current
fairly accurately. This inforzation continues to be collected and it ia
supplemented with data obtained from instruments specifically designed
for the purpose and with data gathered by other, indirect, oceanographio
techniquee.

Though there is a great variety of instruments, thare ace essentially
only two methods of measuring currents directly. One, the Lagrangion, in-
volves following the path of an instrument as At drifts through the water.
Uqua‘ly the drift or float sends out radio or sound signals or it is
tracked by radar. The speed and direction of the current arve fecotded
aboard the ship or at a nearby'ehord‘station. - Sometikes simple drift
bottles are set alloat at one point and recovered after a time vherever -
they wash ashore. A self addressed postcard is the only tracking gech-
anisa. One is inserted in each dottle with instructions requesting the
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Surface circulation of the Indian Ocean.
(From George L. Pickard.)



person vho finds it to write the place and time of recovery on the card
end to mail it back to the "sender." A great deal of information can be
gathered in this way because it is easy to sdt great n:’-*3 of bottles
adrift. The data collected are primarily useful in inferring patterns
of surface circulation over the continental shelves.

Recently, with the duvelopnent of a noutrally buoyaent float named
after its inventor, Rohn Swallow, it has becqme possible to measurs deep
water movements by the lagrangian method. Thé $walloufloat, originially
made of alumitum tubing, .s now made, of a hollow glass sphéreéi  Since
these materials are less comprassibie than wafb}, fhe instrument can be
ballasted so that 4t will hover at any preselectéﬁ\depth beneath the sur-
face. It emits a litile veep at regular intervale and the sound is picked
up on shipboard through hydrophones. In this wa&, its path and sreed are
rec&fded by dire:t measurcment, '

It is alzo posaidle to trace the path of a curront by making chemical
or physical analysia of water samples that have been collocted after cer-
tain contaminants and gyes have bean released into the wator. It is, how-
ever, neccdsary that the material be relati~cly easy to detect gven when
it becones tremendously diluted. ' '

The other mothod of measuring currents direotly, the Eulerian, ine
volves olazing an instrument in the water at a fixcd point and mcasuring
the speed and diraction of the water that flows past it. A series of
such measurements will reveal the total path of the current. These ine
struments vary gireatly in ccaplexity., The simplest of them are the drags
and drogues. These are metal or wooden crosses, {ish nets, or parachutes
suspended froo a moored dbuoy or ship by a fino pieno wire or nylon fila-
ment. Tho curioni »xerts a force againsf the instrument which pulls the
wire out at an apgle in a particulaf airection, The speed of the current
ie calculated by n simple formula relatings the sieze and weight of the
instrupent and the angle of itha wire.

The moru complicated current meters cozo in various designs. Moat
of them contuin a propellor or screw which is turned by the water. Speed
is Ceternined by any of <« wab-r of techniques for counting the nuader
of revolutione in a given period of tir, and direction ie derived by
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various means from a magnetic compass. The classic example of the the type
is the Ekwan Current meter. This reliable mecihanical device was developed
over fifty years ago by Vi W. Ekman and it has been replaced only as in-
strugsents with more efficient means of transmitting the data have been de-
signed. In Ekman's design, the propellor works some small gears which re-
cord the number of rsvolutions on a dial. 1In addition, at timed intervals
gome small bronze balls drop into a slightly inclined channel affixed along
the top of the magnetic compass needle. They roll down and collect in

one of thirty-six corzartments evenly arranged in a circle bsneath the
compass, and the general direction of the current during the time of
measurment aan be deduced by counting the number of balls in each compart-
ment, If the groups of balls are marked so that they can be distinguished
from one another, a measure of how the current shifts can also be obtsinéd.
The Bkman curroent meter is usually lowered from a moored ship, and it wmust
be retrieved in order to collect the data. Current meters of more recent
design are usually mounted on or suspended from moored buoys, and the in-
formation {s trensmitted to a ship or shore station by electrical cables
or radio signals. _

Currents can also be measured by determining the rate at which an .
eleotridally heated wire cools when it 1a lowered to a fixed position in
the water., In practice, the wire is ma.ntained at a constant temperature .-
by automatically adjusting the current so that the rate of heating balanced
the rate of loss to the water. The magnitude of the sleotric current is
then a measure of the speed of the water. This instrument, called the hot
wvire anemometer, doss not measure the direction of ocean currents.

It 1s posaible to measure both the speed and the direction of currents
by indirect methods. An electrical current ias induced in sea water as it
moves through the earth's mrgnetic field., By measuring the magnitude and
direction of the eiectrical current, a measure of the speed anl direction
of . the vater's current is obtained. An instrument that does this was de-
veloped by Williem S, von Arx and it is called the GEK, short for geo-
magnetic ~lectrokinetogreph. The design and functioning of the GEX, as
voell as those of the other instruments mantioned in this article, are de-
seribaed clearly an' in more detail by Pickard and von Arx in the references
11sted.
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Host of our:knowledge -of circulation deep in the ocean has come in-
directly from studying the distribution oi physical properties. As de- N
scribed in Chapter 4, seawater samples are collected from various depths

at a known position ur occanographic station, their temperature and salinity

EE -

are measured, and, f{rom thoce. their density is calculated. From infor-

mation about 1ansity distridution and pressure gradients gathered in this
vay, oceanographexrs arc able to predict the speed and direction of water
movements. This technique, which is used to deduce patterns of circu-'
lation theoreticully, is called the goostrophic mothod, ~ - s
No matter what instrument of reihod is used, one of the biggest ob-
stacles to-obtaining.ac¢iurate current e asurecnents is the difficulty of
determining a precice pzultion at eaa. For work with currents near the
shore, the meesuring devices can bo positioned exactly on oil-drilling
platforms or other stabls structuras. Fox work carried on farther out to
sea, modern systemy of radio and satellite navigation have greatly in-
creased the .accuracy. Qf neaeuremcnts. but thesa systems do not reach to
all parts of the ocean. Even when the ship has besn poaitioned with the B
greatest precision possible, it will not stay there, and thin makes it
especially .difficult to track the path of a drifting instrument contin-
uously. HNot only pust the instrument be tracked, but the drift of the
ship aust alco be calculated, Since & buoy can be woored nore securely
than-e ship againat the effeqts of wind and current, it is customary to
fix <t ship's poaftior -by maintriaing coustnnt rader contect with an
anchored bucy. LDCven the buoy will shift, hovever, and its position with
racpest -t0 the bottem rust be checked by taking soundings frow time to
tizme. 49 is the cace vwith other oceanographic meesurenents. accuracy
in measuring currents dcpends to a larga extent on the precisibﬁ vith
whieh-4t {s. possible. to navigate.
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7. AIR*SEA INTERACTION

by Peter M., Saunders

Woods Hole Oceanographic Institution

In this section we shall be concerned with the ways the ocean and the
atmosphere exchange heat, moisture, gases and salts. Currents and waves
are also appropriate topics under this title, Lut for convenience they are
considered elsewhere (see Chapters 5 and 6). ‘

f. Heat Balance of Planet Earth

‘e

Year by year the entire surface and gaseous atmosphere of the planet

Earth radiate to space the gntire energy they receive from the sun during
the same period. This we know because our climate shows only small fluct- :
uations. Careful calculations based on world-wide observationa of tempera-
ture, moisture, and cioudiness show that within 40° of the equator, the
earth and atmosphare receive mose radiant energy than they give dack to
apace; and, conversely within 40° of the poles, outgoing radiation exceeds &
incoming radiatfon. The fluid portions of the hlode, the oceans and the '
atmouphere, completc the heat bdalance, carrying heat to high latitudes and
bringing cooling to low latitudes, ‘hereby tempering the climate of doth.
The winds of the atmosphere rather than ocean currents transport the
lion's share of this heat, nevertheless the ocean plays an important role
in maintaining the earth's climate as we know it., Since the atmosphere is
quite transparent to solar radiatisn, the main cycle of heat energy within
the earth and its atmosphere is as followst from the sun to the earth's
surface (of which 70% is ocean); from the earth's surface to the atmosphere;
and, after some redistridution, from the atmosphere to space. The way
heat is exchanged across the ocean surface is thus one link in the chain
of processes which deterwines the climate,

168/ 109




2. Heat Excliange at the Ocean Surface

Three processes are involved in the flow of heat between ocean and
atmosphere and the most important of these is radiation. During the day
solar energy, at both visible and infrared wavelengths, reaches the ocean
surface in an amount which depends on latitude, season, and cloudiness.

In middle latitudes the daily totals range, on clear days, from 600 cals/cm2
in midsummer to 100 cals/cm2 in midwinter, with values smaller by a factor
of 5 on heavily overcast days.* The earth's surface also gives rise to a
stream of radiant energy, as does any body above absolute zero of tempera-
ture, but even when skies are cloudless most of this invisidble, infrared
radiation is absorbed in the atmosphere. The active absorbers are carbon
dioxide and water vapor, and since by Kirchoff's law a good abscrber is
also a good radiator, the atmosphere radiates back to the surface glmost
as much energy as the surface radiates to the atmosphere. The net loss
from the surface in this manner is about 103150 cals/cm2 per day under
cloudless skies and smaller by a factor of ten under an overcast sky.

The second process by which the ocean and the atmosphere exchange heat
is through the evaporation of water. VWhen 1 gram of water evaproates into
the atmosphere, 600 calories of heat are removed from the ocean. Vhan the
watei.vapor condenses and is returned to the surface as rain or snow, this
heat is made available to the atmosphere. Reckining the annual average
evaporation from the ocean as 3 mm per day (or 0.3 gm/cmz), this iaplies
a heat exchange of 180 cals/cm2 per day from ocean to atmosphere. Bvapora-
tion i8 very variable, generally increasing with both water temperature and
wind speed and decreasing vith increasing latitude. In hurricane force winds

the heat associated with evaoproation has been computed as 1000 Cals/cnz/day.

. 2 0
1000 cals/ca® will heat 10 m of water by 1°C,
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The third way in which the ocean and the atmosphefe exchange heat
results from tine direct flow of heat between warm ard cold parts of a
solid nr fluid. When cold air moves over warm water, heat flows from the
oocean to the atmosphere; when warm air flows over cold water, the heat
flows from the atmosphere to.the ocean. Direct heat transfer increases
with both wind speed and with the difference between water and air
temperaturés; like evaporative heat, it is highly variable. In tropical

. regions it is generally small, about 1/10th of the heat of evaporation,
but in high latitudes it is often as large as the svaporative heat flow.

Direct and evaporative hest flow are evaluated using a mixture of
theoretical ideas and empiricism and they have yet to be carefully eval-
uated. Radiative heat flow is based on measurements made along the fringes
of the oceans and interpolated to great distances. Despite these uncer-
tainties, the general inferences to be drawn from heat bal:ance estimates

appear accurate.
a. Annual heat balance

If'the three processas by which heat flows across the ocean
surface are averzeed for the entire year and are then added (uith
oroper regard to sign), we obtain the annual heat balance of tha
oceans (see Figure 1). ‘'within 300 of the eqvator, radiative heat
input exceeds evaporative and direct heat loss and the oceans gain
heat; within 300 of the poles the heat losses exceed radiative in-
put and the ocCcan> lose heat. The connection betweer. the annual
heat balance and the aannual mean temperature of the oceans is also
shown in Figure 1. Since the nean teuperature of any latitude does
not change fro:. year to year, oc¢vanic circulation must transfer
the hedt surplus froa low to high latitudes, varm vater moving
towvards the poles and cool water towairds the equator {see Chapter 6).

~ .. R RETRIECE
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b, Seasonal hout balance

We‘shall brie fly rention the relation of seasonal variation in
neat balance to seasonal variation in surface temperature. In the
northern hemisphere from February-March unt11 August September, on
the average, 1ncom1ng radiation exceeds all heat losses to the at-
mosphere and the ccean warms up. Durlng the remainlng half—year :"
the'converse is_true and the ocean cools, In Firure 2, I have shown
the seasonal variation in ocean temperature measured at Woods Ho]e

Massachusetts, and have 1ndlcated schematically the nev heat balance.
¢, Short-term variations

liAn exanination of the daily ualues‘fronwwhich.the snooth curve
of Figure 2 was drawn shows short-term reversals of the seasonai
variation in surfuce temperature. Daily values for 10-day perlods in
both July and December, 1968 show this effect (underlined Values)
Surface temperatures, C, for the warming period are: 17.8, 18.6,
19.2, 19.4, 19.2, 18.6, 19.3, 19.7, 20.0, 20.2. For the cooling
period they are: 7.5, 6.7, 6.1, 5.8, 5.0, 3.6, 4.2, 4.5, 3,0, 2.4,

The changes at a mid-ocean station are bimilur if somewhat less violent.

Periods of storms with elouds and strong, cold winds cause large heat %
losses, but these stormy periods are intersperSed with culmer periods
wher the oceant warm. Our knowledge of these shori-term variations

in heat balance is still rudimentary.
3. The Water Balance of the Oceans

Without the presence of oceans and water vapor in the earth's at-
mosphére, the earth's cllmate would be more extreme than it is.' Many
moteorologists believe that the central problem of their science is to
understand and predict the occurence, movement, and condensation of water
vapor in the earth's atmosphere, Part of this problem involves the move-

nent of water across the ocean surface.
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Figure 1. (Solid curve) Heat flow through surface of the ocean as a function
of latitude--annual average value; heat gain 1s reckoned positive.
(Broken curve) The temperature of ocean surface as a function of
latitude--annual average.
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Over the oceans, evaporation averages about 110 cm/year, and this
same amount is returned by precipitation on the 6ceans and run-off from
the continqnfs. River discharge from the world's land masses is estimated

, as the equivalent of 10 cm/years thus oceanic precipitation uust average
100 cm/year. (ieasurements of rainfall made on a ship are found to be
sensitive to the exposure of the rain gauge and are deemed unreliable).
Since the ratic of oceen area to land arca is 2.4 to 1, the annual run-off
is equivalent to a precipitation overland of 24 cm/year; this amount is
1/3 of the land's measured averags annual rainfall of 70 cn/year. Evi-
dently the remaining 2/3 of the land's rainfall mubt reevaporate into-
the atmoaphere,. - .. . .

On an :snnual average, evaporation excesds precipitation in sub-
tropical regions and surface waters are saline there, see Figure 3. 1In
high latitudes, precipitation exceeds evaporation and surface waters are
relatively fresh. Since surface salinities are observed not to change
ffom.yeaf'to year, the same ocean currents carrying warm water towards
the poles to balance the cceanic heat budget must also carry.sa;t,

_ ﬁhilst the cold currents carry fresher water towards the equator.
4, Exchange of Gases

Gaqes which are present in the atmosphere are also prosent in the
‘ ocean since they are constantly exchanged across the ocean surface
‘Lprincipally by molecular diffuslon Oxygen and curbon dioxide are, the most
important because they are vital to life in the ovean. Thu_amount of oxygen
dissolved in the ocean,; like moust other of the constituent gases, is only
a'}raction of that in-'the entire atmosphere, but the total carbon dioxide
I‘bon;éﬁt'of the oceans;.including that weakly locked up in dissolved car-
"bonates and bicarbonates, is 60 times the content of the atmosphere.

:'C;eéfly there is a massive reservoir of carbon dioxide in the ocean.
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Since the industrial revolution, large quantities of carbon dioxide |
have been added to the earth's atmosphere by the’combustion of coal, gas,
and oil (amounting to an increase of about 15% in the last 50 years). How
much has been retained in the atmosphere and now much has entered the ocean?'
There is a lﬁuely ungettled scientific controversy concerning this questin
because carbon dioxides in the atmosphere is an adtive radiating &as.and a '
substantial increase would upset the radiation balance of both the earth's

atmosphere and its oceans and lead to a change in climate.
5. Wave Breaking and Bubble Bursting

When the wind reaches speeds of about 7 knots; a few waves begin to -
break and whitecaps torm. A whitecap is a region where air is entrapped
by a falling wave crest and takes the form of numerous tiny air bubbles
which range in size from a fruction of a mrlllmeter up to several millimeters
in diameter. HMost of thesa bubbles rise to the surface and break, and high
speed photography has shown {see Figure-4) hon‘orops of seawater are then
thrown several centimeters into the air. Many fall back to tne ocean, but
gome are carried aloft by the turbulent winds and slowly evaporate 1eaviné
behind a semicrystalline mass of sodium chloride. Over the ocean and to a
lesser extend the bordering ldénd masses, thls salt is found in the lowest'”
few thousand feet of the atmosphere, and although its mass is only about
1/10 000 00Q part of the mass of water vapor, nevertueless the Sdlt plays
a vital role in the steps by waich the water Vapor condenses and returns
to the ocean.* _ R

Condensation of water vapor without excessive supersaturation requires
the presence .of solid surfaces. Ahy small dust particle will serue, but
those, 1like 'arsalt nucleus, with an affinity for water are preferreé. .Thé'
favored drops attain a larger size than their"fellows, settle through thenm,
cellect them and fall out as rain, The presence of numérous salt particles
ovel tne ocean and fewer over the continent is onc factor that leads to ;

smaller rainfall over land (70cm) than over the oceans (100cm).

¥Drops formed by bursting bubbles also carry a positive charge to the at-
mosphere, and this too may influence the subsequent formation of rain.
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6. Hurricanes

Extremes of air-sea intaraciion occur in the presence of the small intense
tropical circulations called voriocusly hurricanes (in the At;antic), typhoons -
(in the Pacific), and cyclones (in tne Indian Ocean). These circular storms
arise only in oceauic regione.and, in the northern hemisphere, havé“ﬁinds which
at low levels blow counterclockwise and inwards, but at high levels (éﬁeve
30,000 ft.) blow clockwise and outwards (see Figure 5).

In the central core of the storm or "eye," weak winds accoﬁpeny low sur~
face pressures (900-950 millibars) over a diameter of about 20 miles. Beyond
20 miles from the center, the surface winds may be 100 knots, remaining in ox-
cess of 65 knots, or hurricarne force,}out*to between 50 to 200 miles. At
greater distances the winds are less and tae effects of the storm are generally
felt only as far as 300 to 400 niles from 1ts center. Commonly this fTigure is
smaller and rarely larger. I

The warm moist air circulating in" the loﬁer‘leﬁels of the storm convefges
in & spiral pa*h along rain bands and in a 6entra1:fegion peripheral to the
eye it ascends, flowing out at high leveis. The region of ascent is marked by
very heavy rainfall, up to 20-30 cm/day. The contrast between this Yiolent
wind end heavy rain areca and the qulet almost cloud free eye is the most cele-
brated feature of these storms, o a

Tropical storms are generally formed within 5 {o 15 degrees of latitﬁde
on either side of the equator, but all of them subsequently follow paths that
carry them towards the poles. At first, Atlantic hurricanes generelly travel
westeard into or nesr the Curibbean island chain before curving north and then
northeastward. “lihen they move over cold water or land areas, they weaken rapidly
because their source of warm moist air is no longer presert. ’

The greatest hazard associated with hurricanes, in respect of loss of life
and property demaée, is not generally due to wind or rain but to the catestrephic

flooding which occurs as the hurricane crosses the shore.
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7. Methods Employed in Investigating Air-Sea Interaction

~ We give here an outline of techniquss used in obscrving the heat end
'ﬁoisture flow between the obeén and atposphers and those used in measuting
the temperaturs and salinity of the upper ocean, which are the physical
properties influencezd by these flows. The role of human inventiveness
éad imaginative thought in these investigations should not pass entireiy

unmentioned. ) _ o ‘ i
a. Temperature

Meusurements of the geogiaphical distributionléf‘temperature and

its vuriation with time are made from (1) buoys, wﬁiéh record or

‘; broadqgst data, (2) ships--commercial and military, weather ships and
'research vessels, (3) aircraft--weather reconnaissance and resgarch, ;
and (4) satellites. For observation of temperature, marcurial‘therg
Aﬁomgters, thermomographs, aﬁd (electrical) resistance thermometers
arg_widely.used. Recently,'aircraft and satellites have used remote !
instruments called radiometers, which are ultra-sensitive heat de-
yectoré. This last instrument, though a powerful new tool} gives
information only about the skin of the ocean, .whilst the others can
be lowered from snips or suspended below buoys to measure the vertical

variation in ocean temperature. R S

b, Salinity

| Salinity is not 'so wfdely measured as temperature. By capturing
a volgmg ¢ scea water, "water ééfching,“ and making a careful chemica; ,,,,,
anqugig,‘salinity can be detéimineq. A uiodern method measures the
eleéfrical resistance of "tha éeé waéer in the ocean and, provided
temperaturs is also measurea, salinity can be deduced (see Chapter 4).
Salinity measuremen*s, because they retuire specialized equipment,

are mostly restricted to military and research vessels and tuoys. To

date no technigue has been found practicable for the remote measure-

nent of salinity.
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¢, Moisture and heat flow

Estim:tes of direct and evaporative heat flow, and hence also
evaporation, are made from standsrd meteorological cobservations at sea;
namely sea dnd air temperature, hunidity, and wind measured from ships
and buoys. Direct observations requ1re sensitive anemometers, ther-
monmeters, etc., mounted on stebilized buoys or texas towers, and much
expertise; a few research groups around the world are involved in such
programs., = -

Radiative heat flows, both that from the sun and that lost from
the surface, ara measured with heat sensitive instruments. As we
remarked eaffier. almost all these observations are made from continental
stations by eather Services, aithough some igland stationrs and research
ship and aircraft observations improve the picture. Satellites, by
maasuring relfected sunlight and the tuermal radiation flow from the
planet (outside the earth's atmosphere). will, it is hoped, provide
means of estimat1ng the corresponding radiative flows at the earih's

surface.
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8, SEA ICE

by William G, Metcalf
' Woods Hole Oceanographic Institution

" Porvard e N LR
: The following is not intended to be a 30-45 minute lecture on sea

ice for hiéh school students. Rather, it 1s designed to present material.

on the subject from which a 30-45 minute lecture can be drawn. Just how’

much of it the teacher will wish to incorporate will depend upon the '

teacher's assessment of the ability of the class to handlo the matorial,

This naturally will vary from group to group.

Actually, uost of the material on ice is éimply deacriptive., From
the éhemical and physicél'atandpoint;'the fascinating aspect of water
and ice 1ies in the remarkable changes in density with changes of tem-
péfb{his and changes of ztate. If the students have a suffioient back-
ground - for example, a senior class with a background in chamistry
and/or phyaiea - then possidly they will be able to appreciate the very
unususl vays in vhich water and ice behave. The behavior of water when
it ungergoee a change of state from liquid to solid or vice versa 48
quite'different from that of most common aubétancas on earth and is, to
a very great sxtent, responsible for the onvironment as we know it,

Aa nany students know, gost substances become more dense as they cool.
Some students will know that water ie peculiar in that slthough it bavomes
denser as it 200ls through most of the temperature range at which it 1s°-
1iquid, it reaches a maxiaum density at adbout 4°0. As it cools below this
point, it expands, thus beconming less dense. At o°c. vhere pure water
freeszes, it undergoes a great expansion as it changes into the aolid state.,
This has a most inportant effect upon our environment., Moat substances
becone denser as they cool, and this proceeds right through the point at
vhich they change from the liquad to the solid state., Solidified steel,
for example, sinks in molten steel.
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Have the stvdents speculate as to what the world would be like if
ice sank instead of floated on water. For oxample, if ice were denser
than water, it would sink to the bottom of streams, lakes and the ocean.
There it would be protected from the thawing by the sun's rays and would
be very slow to melt. Soon all the bodies of water would fill with ice
from the bottom up., Only the top bit would melt, and melt water would
flood the surrounding land which would be completely uninhabitable. A
vast glacial aga wculd take over. The fact that ice floats instead of
sinks is ono of the moet important features of our environment.

Another very ilportent thing about water *e its very high specific
heat. It takes approxlmatoly 1 calorie of heat to raise a gram of water
1°C. This is appreciably wore heat than {s required to vaise a gram of
zost other comzon substances an equal smount. Similarly, vhen a gram of
uater cools by a degrce, a celorie of heat is 1eleaaed to the environrent.
Becavee of the great amount of heat required to change the temperature of
water, we have & very even olimate. Unlike the moon which is terridly hot
on the 1ight side and terridbiy cold on the dark side, the earth changes
temperature only slightly between day'and night., Some of this is the so-
called "greenhouse effect" of the atmosphere, but much of it is due to
the elovneas with which water cools off with the lo0ss of heat and the slow-
ness with which it heats up with the application of heat. In fact, much
of tho “greenhouee effect" 13 due {0 the high specific heat of the water
vapor in the atmosphere.

Another very inportan. and remarkable thing about water ia 1to very
high heat of fusion. As was stated above, it requires 1 calorle of heat
to ralec a gram of water 1 degree C., HMowever, it requiree nearly 80
‘eulories to change a gron of ice at 0°C into water o of exactly the sage
lomperature. This is an extraofdinarily high figure compared with other
comzon substances on earth, and it is the reason why ice caps in the high
latitudes do not change from ice to vater each suamer and dack to ice the
follouing winter with a resulting change of sea level each season of un-
‘told meters which in turn would make living near the seacdast out of the
question,
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In other vords, the high heat of fusion, like the high specific
heat, haé a-very ﬁodérating effect upon the climate and is one of the
reasona why the aarth's climato is equable onough to suppori life as we
know it. . ' ' K

* X ¥ S ¥ %X X

It is not erpected that all teachars vill wish to attempt to ex-
plain all this to cacn class., However, if the teacher can have somd
of these principles in mind and can pass on a rough outline of them to
the students, it may awaken the students' inteorost and appreciation of
the trul: astonishing propsrties of vwater and ice, and this may make
them mora receptive to the materiali in this chapter on Sea Ice.

By :he way, it should be mentioned that fresh water and salt, water )
differ in various ways. Their specific heats and heats of fus;on,'though
differing slightly, do not make any materiel diffsronce in their amelior-
ating effect upon the climato. One thing should be mentioned, however.

As was stated above, fresh water reaches its maximum density at about 4°C.
With the additicn of salt, the freezing point ia lowered somewhat, and

the temperaturs at which th- water reaches its maximum density is lowered

at a slightly faster rate. At a salinity of atout 25°/oo, the freesing point
&nd tho point oS parizun deroity.co'ncilc, anld this situation-prevaila et higher
salinitiea. That is, the water reaches its greatest density just at its
freesing point. Then as it freezes, it bacomea suddenly less dense.

For further information about water, ice, heat of fusion and specific
"heat, the teacher might wish to refer to the Handbook of Chemistry and
Physics, published Ly the Chemical Rubber Pudlishing Company. It containe

* tables showing these characteristics of wator and cany other subatancesi
The Bnovulopedia Britannica also contains interesting inforaation on
these matters. I .

Having unburdcned nyself of the forezoirg, 1 ehall now get & little

closer to the subject of Sea lcs.
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Sea Ice

- The freeaing point of water is affected by the salinity. Whereas
pure water freezes at 0°C (32°F), salt water freezes at a somewhat lower
temperature. Sea water of about 35 /oo salinity, which is a reasonable
figure for surface water in the open ocean, freezes at sbout -1, g9 O¢ ‘
(28.5%F), When freezing starts, a loose accumulation of separate ice
orystals forms at the surface. Under celm conditions, these give the
appearance from the distance of a slick, but undo: rougher conditions.
this’ formation pay go unnoticed. In fresh water, early freezing may take
the form of thin, clear, brittle glass-like sheets of ice at the surface .
in calm weather. Ice of this sort is frequently found in the Arotic where
melt water‘dr surface run-off commonly red.:ces the surface salinity so
much that the.wbter is practically fresh,

- With continued cooling of salt water, the loose orystals begin to
bind bOgether to form a whitg opaque slush, As consolidation proceeds.'_
the. ordinary motion of the sea surface keeps the ice broken into emall '
pleces which, in ths course of colliding with each other, develop into ‘
pancake~1ike structures & foot or two across with slightly raised edgea.
The formation of pancake ice is sufficient to reduce “he waves so that
even in Vindy.conditions, tho sea aurface takes on a snooth undulating
appearance. \

Pough weather may retard the freeeing process Lecause the turbulonco,‘ -

.bringing water up from below, produces a large reservoir of heat to be
dissipated tefore freeeing can proceed. )
Fron the pancake stago. the ice gradually increases in thickneee
and in horieontal dileneione. Siaul taneously, the ice, which was eoft
and had little téhriie étrangth at the start, becomes harder and strongor.
Actually, as freesing begins, it is only fresh water ice crysials
which form,: and the 8alt 1a left behind in solution. This brine solution,
being relatively dense, slowly sinks below the surface and mixes with the
water beneath the ice. Under cozaon Arctic conditions water with a
salinity of 35°/co may form ice which has a salinity of 3.5°/00, the salt
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being presenti in brine cells entrapped in the midst of pure ice crystals,
With continued freezing, more and more pure ice saparates out, and the
brine left behind becomes more and more concentrated. Under the very
coldest conditions, the brine may become so concentrated that various
crystalline salts precipitate. Under very rapid freézing conditions, much

brine is entrapped among the ice crystals, under slowar freezing conditions, . .

nost of the brine escapes. Thus {3 19 not possible to say just how.salty
a given piece of ice can bn expcofed to bo - it depends upon the con- - .
ditions under which it was formed. a '

In cases of unusually rapid fraezing, as when a lead (a large
opening in the ice pack) is formed by the wind and currents in the midst
of a ver» cold period, a major part of the brine may be prevented from
asgcaping. As more and more frash ice crystal« form and the remaining
brine becomes more and more conéentrated, the brine may be subjected to
considerable pressure due to the fact that the {ce ¢rystals represent &
Considerable expansion over the sise of the origingl water. It often
hapvons that this pressure forces the brine out thuough small pores or
oracke onto the surface of the ice. 1In mid-utnter. newly frogen leads
frequently have "salt flowers” formed = cryetalline salt formations
"growing," as it were, on the surface,

But to get davk to the freeeing season - as consnlidation continves,
vast areas of the ocoan become more ur less solidly covered with ice -
floes which may range in size fiom a few nmeters to many kilometers atross, :
¥Well within the Arctic pack, the wave action of the open ocean is lost,
but near the edges, the constant zotion from the unfrogen areas keeps the
floes from becoming very large. The undulation due to the influence of
the open ocean can be felt several milea within the pack, and it is
provadly a limiting factor in determining floe sice evem further from -
the edge of the pack. o :

“'Inasmuch as ice is a fairly efficient insulator, especially when
covéred with snow, it sharply reduces the loss of heat from the water
belovw. It is uncommon for ice of groater than 2.5 to 3 meters in thick-
ness (8-10 feet) to form under usual conditions in a single freesing season.
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s Throughout much of the central Arctic Ocean, ice w*ll last through the
‘summer &nd beeome thicker the following winter.: Over euccessive winters,
the ice will build up to greater thickness. bui more than 5 meters (16 feet)
is not usually found in nature. Another factor is involved in ice thick-
ness, houever. Ice floes are constantly moving about in responso to the

- forces of winds and currents and are couetantly encounter*ng obstacles

such as land masses or other large floes. These other floes may be affected
by different winds or currents, and in the resulting collisions, flogs
override each other - a phenomenon called "rafting‘"‘ Gigantic ridges of

ice may be pushed up by the pressure of opposing floes. In some cased,
“tho ice may be' forced up as much as 15 meters (50 feot) avove tho surrounding
pack. It followe that the ize is also forced woll below the surface-be-
ueath the pu sessure ridges. . .

‘ Throughout the freezing eeason. motion in the pack causes oracks and
leads to form. These refreeze quickly. When a lead opens up in one area,
it probably meana that rafting and pressure ridge formation is taking place
in an adjoining region., Even at the height of the freesing season, there
are alvaye cracks and leada present in the Arctic Ocean, but floes with
diameters of many kilometers are common.

The drift of the ice is governed by a combiunilca of forcea such as

' winds, cureents, and obstructions. In theory, the ice drifts to the right
of the wind direction in the northern hemisphere.'and if the pack is not
overly consolidated this has'trequently‘besn observed. However, in more
consoliéated‘pack ice, the obstructione'of distant land masses or of floes
from adjoining areas where the winds and currents pay he different, may
be sufficient to disrupt the drift pattern 80 that a drift to the right
Bay not be predant. During violent galee. the,ice mey drift at the rate
of 50 or more miles per day;ieepecially in areas of strong currents, but
drifts of ] fow miles per day are ROXS CORZON in tho central Aroiic
Basin, The naiur outlfow fro: the Arctic Ocean is along the east coast
of Greenland in the saet Greenland Current where drifts of 50 miles a
Ay or ﬁore are comaon, ‘..<- . . : N ey

"i.:‘4x- ., . ."
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Figure 1. Arctic Ocean in the summer from an altitude of 18,000 feet.
The picture shows an area about 1 1/2 nautical miles long
Q and & 1ittle over one nautical mile wide. U.S. Air Force
ERIC photograph.
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.~ With the coming of waraer wenther and higher angles of the sun,
the ico begins to melt. This is a very slow process at first., Be-
cause of its color, ice relfects a high pertentage of the sun's energy,
thus keeping the melting at a low :ege. ‘Eventually, however, enough
heat from the sun is absorded 50 éﬁet poolaqu:nelt.weter bYegin to form
on the surface of the yack. These pools aoﬁles."blaek bodies" - that is,
they atsort a very high percentage of the edﬁ'e energy, so that once
puddles "begin to form on the surface, melting is greatly accelerated.
Soon the pack is well spotted with puddles, end the deterioration of the
ice proceeds rapidly..

Many of the Arctic islande are barren and. due to steepness, may
have little emow cover in the winter. Dust from this 5end area often
blows out onto the ice. Being dark in color. this dust absorbs large
amounts 6f heat which speeds up the melting process. Attempts have deen
nade with some limited success to take advantage of this in selected areas
where dust, soot or coal dust, for example, is deliborately spresd on the
ice to speed up the ‘melting process. FExperiments in this field have been made
to free harbore of ice to allow ships to enter sooner than would
have been possible under aormal conditions.

As ihé ice warms up, the concentrated brine pockets trapped within
the ice begin'to enlarge'ee they melt the ics surrounding them. Tiny
channels are-melted down through the ice wh;eﬁ lets the brine escage.
These.channels at first tend to make the 1ce'§0r0ua and soft and thus
relatively weak., Ttcy:;also results tn a "fresﬁening" of the ice left be-
hind. PFurthoisore, es‘elternatentreezing and theﬁlhg takes place in the
spring, -these «hannels 1eft by the eeceping brine fi11 up with fresh melt
water which in turn freezer ‘when tho temperature drope. Thus the ice in
the late spring is likely to be nearly fresh and nearly as hard as natural
fresh water ice. After the firat year, ordinary sea ice is usually so
fresh thet relt water puddlss on its surface can be used as fresh water
reservoirs for ehipa. The whalers in the last century took advantage of
thie to Keep themselves supplied with fresh water far froa land,
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As the thawing proceeds, thé.ﬁeat absorbed by the melt water pools
causes these podls to work their way dbwn through the entire thickness
of the pack ice thus  greatly weakening the floes which may then break up
into small piecés.' As soon as any'gr;at amount of open water forms, wave
action devolépés'which erodgs and melts away the edges of the floes.
Floes near tho open edge of the pack are frequently carved and eroded in-
to greatly contorted shapes with caves and valleys in then.

A relatiVély emall part of the ice in the Arctic Basin is c&rried
out by the currents. The East Greeniand Current carries most of that, and
the lesser currents flowing among the Canadian Arctic Islands carry smaller
amounts. A minor amount passos 1rreéu1ar1y out through Bering'Strait be~
tween Alaska and Siberia. A larger'aﬁount of ice melts each year within
the Arctic Ocean, but even 80, the Arctic Ocean as a whole can be con-
sidered ice-covered throughout the summer. Only the fringes open up sig-
nificently. (See Figure 1.) _ |

In the Antarectic, on the_other hand, a major portion of the sea ice
surrounding the Antarstic Continent either drifts off into warzer water
or else melts in place each year. In the Weduell Sea svuth of the Atlantie
Ocean, a large amount of ice is retained from yox to year. In the Ross
Sea, south of the Pacific Ocean, ice may remain throughout the summer of
some yoars and not others. o S

The above discussion has been about sea ice - that is, ice formed from
sea water. Not all of the ice in the sea is of this nature. Although much
less in total voluae than sea \ce, iceﬁergs, which are made up of fresh
water ice, are of jmportance in any d;scussion of fce in thefseh because
of their gigantic sire and resiastance to welting and their potential
hasard to ships operating fe:r from the cold Arctic and Antarctio waters,

In the north, snow falling on Orsenland and a few »f the other largd Arotic

islands accumulates in such thickness that it does not all melt off during
the aﬁiaor. As thie accumulation goes on over the years, preésuro caused
by the depth of snow causes great compaction and eventually the conversion
of the compact snow into solid ice. Under the pressure of hundreds of
meters of ice, these massive formations, known as glaciers, behave as if
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they were a ‘vexry viscous fluid. They gradually flow down valleys until
they may reach-the ocean where thoy break off in hugae chunks-tp‘forp ice-
bergs. (See Pigure 2. )

Becduse the density of ice is aboui 0.9 - L'd tbat
of water of approximatuly 1.0, roughly 9/10th of :the iceberg is below
the turface: It must be kept in uind that thiec is a mass ratio. That
is, an icebery 100 maters in height above the water does not pegesgarily
axtend 900 meters below the surfaca. ‘Rather, for every kilogram of ica,:.
above tne surface, there arsc 9 kilograms below the surface to‘prqvidg -
flotation. Thias may. Lake 4ke forin of a greatly expanded under-water body
vith vast shelves or ledges extending far out to the sides from the paft
of th2 berg showing above the water.

In the Antarctic, where the blocky straight-sidad b-rgs are common,
the 9t1 ratio of underwater to above water iass may result in a draft _
almost 9 times the height. It should be remembored, however, that the
upper pari of a blocky berg mgy be .ompacted snow and therefore appre-
ciably lighter than the ice below it. But in the Arotic, most of the
icebergs wirich appear in the shipping lanes are of an irregular shape;
the undervater portion may be much wider than the part which shows, and
therefo.e far less than 9 times as deep. (See Figure 3.) - ..

It might be well to take a roment to desoribe the reason for ths
difference between the common Antarctic bergs and the common Arotic ones, .
As most atudenis will know, the Antarctio is a huge, high continent.
surrounded by water. In contrast, the Arctic consists of a central Arotic
Ocean almost surrounded by land nasses. Because of the moderating effoot
of large volumes oi vater upon the climate, the central Aretio}hhs a.
somevhat milder climate than does the Antarctics The enormous bays and
gulfs found along the margin of the Antarctic continent have forrations -
known as ice snelves. These possibley originated in ages past ae sea .
ico wialch vurvived ths tuxazer melting and tuilt up to greater thickness .
each winter because of the accusulated snowfall, The weight of the cQm-
pacted snow pushad the original icc down into the water, and in some areas
the upper surface may te 20 mr .ers or pore above water, while the shelf
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pay extend to a depth of 250 meters or more below the surface. Glaciers
forming on the continent behind these shelves exdrt pressure against the
inshore side of the shelves pushing: them gradually out to sea. Periodi-
V_celly, massiveé pieces break off and drift out to sea as so—qalled "tabular
ibergs." These bergs are genorally flat on top with straight sides, and
bergs with dimensions of over 100 mides on a side have been reported.
In the Arctic, conditions are such that huge ice shelves are not formed.

,In limited aveas on the northern Canadian islands, moderate ice shelves
‘;form, and the ice islands vhich have ‘been used as scientific stations in

; the Arctic Ocean originated from these formations. However, most of the
i‘Arctic ‘bergs are formed from glaciers - mostly Greenland glaciers = thich
'“;deécend steaply to the sea. The bergs whith break off from these glaciers
Mtend to be highly irregular in shape with many peaks and pinnacles, (See
' Figuro 3.) They also contain a multitude of cracks and flaws which cause
| them to break up into smaller irregularly shaped pieces.‘ Peobles;and
rocks which are picked up by the glaciers as they scrape their way down

" "the valleys are carried for vast distances to sea and deposited on the

-”ocean floor when the ice melts. .

. When an iceberg bresks off from a glacier or an ice shelf the pro-
’”oess is known as "calving." Icebergs in turn calve smaller piecces. A
‘fragment of an iceberg abouvt the size of a house is known as a bergy bit.
'Smaller pleces the size of a grend piano are called growlers.

Beéause of their immense size and because long, Jsgged under-water
projections are likely to be present bergs are particularly dangerous to
ships._ The SS_Titanic wae merely the largest and most famous of ‘hund-eds

“jof ships which have had holes torn in their hulls by projections from ice-
bergs. _

h Bergs, because they ride so deeply in the wator, tend to follow currents

"3rather than winds. It is a common sight in the pack ice of Baffin Bay to

see icebergs ‘moving up-wind through pack ice, rafting the sea ice up ahead

of themselves and leaving open wukes behind. Small vessels trapped in.

peck ice and threatened by pressure from the pack have freqtently taken'

advantage of this feature. If they are able to make their way into the -

lee of an iceberg, they may find open water in which to ride safely.

.........
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Because of their great sige, icebergs melt;yery.slow1y~in the cold

“ waters of the’North Atlantic., Figure 4 illuetrates the paths along which
icebergs driftffron'their source into the North Atlantic. Occasionally
an iceberg"ﬁiilmget into the warm North Atlantic Drift where it wastes
away more rapidly, but large remnants of bei'gs have been sighted near
Bermuda and amongst the islands of the Azores. Thése are rare and iso-
lated instsnces, however, | -

The International Ice Patrol, operated by the U. S . Coast Guard,
spendslseveral monthe each year surveying the iceberg situation in the

' North Atlentfc end issuing warnings of the presonce of icebergs and. pack
ice. In addition to surveys from airplencs and reports from ships which
“the Ica Patrol uses to draw up ice predictions, oceanographic eurveys
_are also made. FKrom samples of the water off the coast of Labrador, the
Ice Patrol personnsl compute the direction and speed of the currents and
forecast ice movemonts accordingly. Experiments have been carried out
marking bergs'ﬁith bombs of colored dyes in order to enable the 2atrol
to track the bergs' movements. ' . |

Attempts to demolish bergs by gun fire, bombs. torpedoes and ther-
mite charges have not produced notable success. it is impossibly to
bring enough heat to bear on the berg to melt any appreciable amount of
the ice, and the bergs have been protty much anaffected by this type of
treatment,

The U. S. Naval Qooanographic Office has bean engaged for many'&eare.
in making both long- renne ard short- rauge £¢a f2rmcasty o that ships willbeable -
carry supplies safely to the Avctic bases in hreerland ‘end Canada during
the summer months. A grﬂat many factors are considered in making the
forecasts. For exampls, past. weather records are examined in an attempt
to estimate juet how thick‘the ice might bz in the fif#st place. Then
long range ﬂeether-foreéaets ere studicd to arrive at an estimate of how
fast the ice can beﬁcxpocted to melt. Warm, sunny weather brings great
anounts of hoat to bear on tho ice surface, but on the other hand, clear
nights permit back reflection which may re~freeze much of the ice which
was melted during the clear days. The direciion and duration of the winds
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are important both as they affect the temperature of the air and as they
move or prevent the wovement of the ice out of the bays and inlets.

. For shorter-range forecasts, on-the-site inspections, usually from
aircraft, are carried out to determine the amount of ice present. Then
fromlknowledge of local winds and currents plus short-rarnge weather fore? |
casts, the ice observers make estimates of when the ice in a given area
might break up or move out, or estimates will be made of the best route to
try to pass through or around an ice-infested area. ,

Tne activities of icebreakers in some local areas can be of importancc.
If an_icebreaker can get into a frozen harbor and break up the cover, the
fragmented ice may drift out with the wind and current a matter of weekc;
earlier than would have been the case under natural conditions. .

The conventional icebreaker is designed with a "cutaway" bow. That a
is, the.bow slones back below the waterline to permit the ship to ride up
onto the ice thus bringing its enormous weight to‘bear down directly on .
the ice. Uhen it breaks through, it moves forgard, rides up, and repeats“
the b?caking process. Recently an‘ice plow has been developed which takec
advantage of the fact that it is casier to break ice ty lifting from below
than by bearing down on it from above beczuse water lends support to the
ice in the latter case. The so-called "Alexbow” ice piow (named from its
inventor, a Canadian named Alexau\-;) has an additional advantage over
conventional icebreakers. When the usual type of icebreaker pakes iis way
through ice pack, 1t forceq the 1ce down under the hull, and after the ship
passes, the ice floats up and clogs the channel astern, A channel clogged
with broken ice is almost as much of an obstacle to a cargo ship as an un-.
broken chaimel. In addition, the ice-filled channel quickly refreezes.

The ice. plow, like a snow plow, throws the ice mp and to thc side,
It comes to rest on the ice on either side of the plowed channcl, and the
follcwing ships are not encumbered by it. Whether or not ice plows can
be made stout enough and with enough flotation to handle really heavy
Arctic pack remains to be seen, but in moderate ice such as is found in the
Great Lakes, the St. Lawrence Seaway, and the fringes of the Arctic, the
ice plow appears to be a success.

‘i
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—Of the many thousands of bergs which brPak off
the West Greenland glaciers esch year, an average ol %0
ultimately drift south of latitude 48°N. (Newfoundiand).

Son

Figure 4. Drift of icebergs from their source into the North
Atlantic. VU.S. Navy Rydrographic Office.
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Because of the slowness with which ths ice melts after the temper-
ature gets above the melting point, the navigation season in the polar
regions is off-set from the varmest part of the summer, That is, melting
pay commence in June and July, but the melting is slow until the puddles
are well formed on the surface of the pack, and it is well into August
and September -before, the best ship nav1gation season is at’ hand. By
this time, the weather has already begun to cool off but re-freezing
does not:become seriously effective until well into October.  'However,
there are additional consideratioqs. I June and July there is daylight
throughout the 24 hourse in tho Arctic; 'ﬁy Septembcr.nnd October, the
darkness is beconming. prolonged, and this makes operating in ice addi-
tionally hazardous. . Furthermore, the weather in October is likely to
be much .stormier than it is earlier in the season, and this must also
be taken into consideration. within the pack ice, strong winds 'are abls
to build up heavy pressure, and outside the pack the seas get very rough.

At the other end of the season, there is a similar lag. Although
the yeather is coldest in January and February, because of the slownass
lof tne freezing, the 1ce thickness and coverage do not reach their maxi-
mum until March and April. Thus althougt the coldest weather is in mid-
winter, and warmest 15 in mld—summer, the gz eatest amount of ice is pre~-
sen{ in the spring, and the least is preeent in the fell. These factors
mugst all be considered when planning polar ooerations. '

Very 1ittle has been eaid about the Antarctic. Actually, the sit-
uation is roughly comparable, with the sessons reversed!in the southern’
hemisbhere. In addition, the climate is eomeuhat more rigorous in the
Antarctic than in the Arctic because of the greater land mass in the
former. A major factor to be con31de red also is that the Antarctic Con-
tinent is surrounded by the stormizst seas in the world. This makes the
Antarctic a very difficult place to approach in any but the largest ships,
and large ships are not usually the most efficient ships for operating
: inside pack ice. However, because of the greatly increased scientific
interest and activity in the Antarctic in recent'yeare, more &nd more
shipping is involved in Antarctic'ooerations each year, '



As was mehtioned above, the Oceanographic Office is the government
agency responsible for providing ice informaticn. Some of. their forecasting
wethods have already been touched on., "Ice Atiases" are issued which show
average ice conditions, by month, throughout the year with additional in-
formation'regarding meximun and minimum amounts which have been found in
the past. |

Lhﬁonthe in advance of the ice navigation season, airplanes carry ice
obSerrers on reéular reconnaissance flights over the Arctic. Using various
simple codes, the'observere relay ice information to the Oceanographie
Office by redio, and ice charts are drawn up. Examples of thase charts and
the codes are shown in the accompanying 1llustrations. (See Figures 5-7:)

; Before shippaing enters the ice area, additional plane flights are
made, and icebreake: u.y enter the pack to scout the situation. For cioae
range ice observations, the icebreskers carry helicopters which fly out .
shead of the ship to scout the best route through the ice. The general rule
of thumb is that the ehortest distance between two points in the Arctic:ip
around rather than through the ice. However, in high latitude work it is.-
frequently necessary that the ships work their way directly through the ice
bi any means possible to reach their destination.

Thin-skinfed or euen reinforced ships of conventional design are very
vulnerable to ice damage. Even when specially strengthened for ice work,
the usuai huli form of a cargo ship is not ideal for working in ice. - More-
over, ﬁamage o the propeller and rudder is always a major threat.

In moderately heavy or consolidated pack ice, the icebreakers may find
it necessary ‘to take cargo ships in tow. This is a cumbersome and in- .
efficient method of traversing pack ice, but there may be no feasible alter-
native. 'Uhen distant or local storms produce pressure in the pack, the ice=
breaker may be forced to attempt to prevent dangerous build-up of pressure
around the hulls of the cargo ships to prevent ice from being pushed right
tnrougn the metal plates. Polar pack under pressure has been the undoing
of'nundre&s of ships in the past, and even today when the shipa are tetter
equipped to operate in ice pack than ever before, there are frequent tense
situations. However, as ice observing, ice forecasting, and icebreaking |
techn*ques continue to improve, more and more shipping moves through the

polar seas than ever before.

-
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TOTAL CONCENTRATION BOUNDARY THICKNESS OF ICE AND SNOW

—— — obsurved Y
D Ice free = = lce thickness in inches
..... rader n
<01 e« ¢ o o o limitol '-29 = snow depth in inches
(opan water) observed data s
< 0.1 thru 03 = snow cover in tenths
m (very open pack) PHENOMENA
0.4 1hru 0.6 i crack
(open pack)
O
] 0.7 thru 0.9 S |20d
L\\ {closs pack)

A (n) Icebergs

1.0 fast or £\ (n)bergy bits & growlars

(very close peck)
(n) = rumber in ares

COYERAGE B8Y SIZE

L TOPOGRAPHY
anzny
Cn = lotel cor.entration AA etted
St=  Slush A ridged
BSH = Brash <2m (<€.6 1)
n, SCAKE = Smalllce Coke  <2m (<66 h) N() hummocked
PK = Pancake Ice 30 cm—3m (12 in—98 1) M- M+
CAKE = Ice Cake <10 m (<328 1Y) | ——
FrSMF= Smalliceflos  10—200 m (32 8656 ) Buamptes: (@ T
MOF = Medium Ice Floe 200—1,000 m (656 —3,281 fi) + after symbol indicatas
ny  BGF =  Big ica Floe 1— <10 km (3.z8! R—<54 nm) average height is 10 ft.
VAF =  Vast lce Floe >10 km (>5.4 pm) or greatet,
Exampls: 9 = total concentration
2 = tenths all brash ice = ofler symbJ indicates
9. 4 = tenths, small and medium ice fioes average height is fess
F7E] 3 = tenths, big and vast ice foes than 10 1t
BSH (n) tenths coverage on
[KEY 10 ICE SYMBOLS)
. STAGE OF MELTING
STAGE OF DEVELOPMENT -
A (m + M F
q, predominant, % secondary PO = puddling
5§_E. w (n) tenths coverage on ice
IC = Ice Crystals {n) F tenths coverage on ice, frozen
SL = Slush <5cm (<2 in)
IR = Ice Rind <85 em (<2 in) fxamples:
PK = Pancake <5 e¢m (<2 In)
Y= Young $—15 cm (2—6 In) ED = 3 tenths puddling
MW = Medium Winter 1530 cm (6—12 In)
TW = Thick Winter >3 cm (>)2in) PD
WT = Winter 15 em—2 m (6 in—6.6 f) IF= 3 tenths lrozen puddies
PL = Polas <Im (<98 1#1) = —_
YP = Young Polar <25m (<82 ) TH = thaw holes — sane bo
AP = Arctic Pack >25m(>82 1) n  entry procedure b3 above
Example: _A__ UNDERCASE
TMW3SL 'w'
A = Stags of development L Limit

IMW = 70% Medium winter
3SL = 30% Slush

Fijure 5. Symbols uzed on ice observations charts to indicate
Q amount and types of ice present. U. S. Naval Oceanographic
[MC Office. arep
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Ice situation in April 1964 at the height of the ice season.
U.S. Naval Oceanographic Office.
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The Russians are especially adwanced in ice operations. Having an
Arctic shore thousands of miles long, they have developed icebreakers
and ice navigation techniques far in advance of those of wmont other
countries. Scandanavian countries have also been active in this field
in the north, and Argentina and Chile have icebreakiug fleets for
Antarctic operations. The Unitod States and Canada have joint interests
in the areas north of our two countrjes, and cooperative ventures have
been frequent and will undoubtedly continue. A _

Atomic power would seem to hold a number of advantages for ice-
breakers - enormous power plus practically unlimited range., So far, only
the Soviet Union has built an atomic powered icebreaker, the Lenin, but
other countries ﬁay follow. Canada is presently engaged in developing
the vast resources of her far northern areas, and increased interest and
actiylﬁgtin the Arctic is bound to increase the study of sea ice.

Eari§‘intereet in the Arctic came about with attempts to discover
a feasible northwest passage to the Orient. The first Arctic explogers
endured incredible hardships to explore vast territories by the inefficient
Aeeﬁs of sailing ship and sledge. By the mid-1800's, most of the major
Arctic islands and shores both in America and Eurasia had been charted
at_leaet v-oughly. .
--iﬁ the vexy ‘late 1800'5, the Norweglan scientist. Nansen had a ship
designed and built to operate in the polar pack, The Fram vas a small
wooden vessel of immense strength which was designed with a rounded hull
which, it was hoped, would react to lateral pressure from the ice by being
pushed up onto the surface of the ice without harm. The idea worked, and
in three years Nansen and his party drifted across the Polar. Basin from
Siberia to East Greenland. A\ great deal of scientific information about
the faf north was dis covared on this voyage. Nevertheless, except for
individuel exploits such as that and Peary's trip across the ice_to'the
Pole in the_early part of this century, travel in the higih Arctic ﬁever
reached the boint wﬁere it was much more than an adventure until airplanes
and submarines entered the field. Now it is readily feasible to trans-
port scientists to almost any part of the Arctic or Antarctic in raletive

safety and comfort to carry out all sorts of research work.
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Nuclesx submarines have'traversédvthe polar sea at all seasoné of
the year and.have surfacad almost at will in Any part of the pﬁck ice,
Equipped with upvard-looking fathometers, they are able to ucan the ice
cover above them'and'pick open leads or at least relatively thin places
to rise abtove the surface.

Airplanes equipped with winches and scientific ihétruments have made
landings on re-frozen leads all over the Arctic Basin. The Russians un-
doubtedly lewd in this field of aciéntific investigation, ‘but the United
States and Canada are both active, with scientific stations within thne

polar back.
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" 9, CHEMICAL OCEANOGRAPHY:
Its Substance; Aims, and Impllcationa

- by Ralph F. Vaccaro
Woods Hole Oceanographic Institution

‘Introduction .

.. Chemicel oceanographers study thé cceans in torms of natural laws

~which relate to the composition and transformation of mattqr, They

concentrate on the unique properties o” water and seavater end seek a
better understanding of the various hydrochemioal and biothemical). oycles
vhich charaocterice the oceans. ' - ,

.- The overal. objective of the chemical cceanographer ic to assign rates,
routes, tosorvoira. and residence times for the variety of chemical en-
tities vhich enter the oceans from Iand or the ateosphere and which are
finally deposited 1n marine sediwments. Progf@ss invall phases of marine

- 8oience in some way depends upon a coordinated approach to the oceans via
. both establishe. and new chemical concepts. For example, the physical

oceanographer r¢lies on chemistry to help describe water masses and their
role in the transport of heat and salt. The marine biologist requires
cheaistry to advancoe his understanddng of oceanic life processes such as

_photoaynthosie and respiration. A najor objective of the nirlno geologiet
la to desoribe the seque.ce of events which accounts for the presence or

aboence of specifio chemical entities in the sea. Finally, the natural
cccurrence of water as ice, liquid, ani vapoi is of paramount interest
to the meteorologist who is concerned with the energy exchanges vwhich
accoapany freesing, melting, and evaporatibn and vhicu generate our
weather systens. e
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The General Imporfenee.of_Water

The physical and chemical characteristics of water per ge as well as
its great abundance have played a fundamental role in the earth's develop-
nent. BeCause. of its extreme mobility and its effectiveness a8 a eolvent
vater is unercelled on our planet as an agent of eroaion, and its potentiel
in this respect s strikingly demonstrated by the vaetnese of the Grand
Canyon of the Colorado River Weter rore than any other substance is con-
sidored responsible for the origin end pereietence of 1ife on earth, It
is eseentie; in plant and animal nutrition and ie a conponent of the cells
of all 1living tissues. .

The early Grecks believed that matter consisted of four "elements =
earth, water, air, and fire. Of these only water, which represents a
bonding Af tvo hydrogen atoms with one oxygen aton, 18 still comsidered
a valid chemical entity. The Romans also understood the significance of
water as a nainstay of life. end their ability to construct a great systen
of aquaducts was an important reason for the success of their civilization, '
At the eame timo, hietory records that many prom&eing civilisations withered
and disappeared prematurely because of insufficient or unsuitable water re-
sources., Fortunately, the water reserves of our own country are s8till
adbundant and, if properly mansged, almost unlimited. However, great
vigilance will bde neco;eary to protect this vital natural resource from
the disruptive influences of man and his propensiiy to regard tho waterways '
as a convenient means of washing avay kis domestic and industrial wastea.

Certain properties of water are partitularly ieli estadblished, and
water has always provided a convenient object of reference with which to
compare the behavior of other chemical entities. For example,measurements
of speoifio gravity, hear capacity, and thermometry are all scaled in
teims of pure water. Likewise, known chenical and Liochemical reactions
are aloost exolusively defined for aqueous eelutione of interacting sud-
atances. )

Most chemical reactions involving vater proceed slowly and non-
violently because the chemical bonds between hydrogen and oxygen are strong
and not readily broken. Vater is also the most effective solvent krnown,

136




yot water soluble materials typically undergo a minimum amount of
chamical change and are usually recoverable in their oriéinal state.
Finally, the fact th-t water constitutes 75 to 90 percent of all
living plants and animals is a fitting tribute to its incomparadle
ro’ . our earth.

| :
LoesssoL

“* Geothemical Origins of Seawater:- | .
PSSR Co

The 'vast accumulation of water and salt which oqcupieglthé_
ocean basins probably originated from longrterm rather than short-
term geological processes. Apparently the earth's primofdial at-
mosphere contained insufficient water to account for the volume of
the modern oceans. Hence it is unlikely that water which condensed
during atmospreric cooling provided the major source of ocean water;
More 1ikely, the oceans' basins were gradually filled, as the con-
tinents were being built-up, by water, in various forms or combina-
tions, emerginé from the interior of the earth via hot springs snd
voléanoeé. Thé relatively short-ters changes in sea level caused o
by the various ice agée do not alter this pioture appreciadly since o
the fractionsl amounts of seawater converted to ice were‘geléti;ely
small in terms of the size of the oceans. B “> .

In tracing the origin of salt in the oceans more than one geologi-~ i
cal Srbéees rnust be considered. The presence of cations such as |
potaesidn. sodium, calcium, and magnesium can be reasonably well
accounted for on the basis of rock weathering and subsequent frans-
port by wind and water. On the other hand, anions such as chloride,
broaide, and bicarbonate cannot be actounted for by weathering and
probably originatad as gases froa fuicroles and volcanoes which passed
through the atmosphere and became chemically bound in seawater.

Ataospherio gasea can penetrate and be exchanged across the sea
surface relatively fast, hence a marked similarity between the gascous
eontente of the ocean and the atmosphere is to be expected, Within
the oceans. the fate of dissolved gases depends upon their dispersal
by water -ovenents and aixing as well as their ultimate participetion

i
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in chemical and blochemical reactions. Until the advent of plant photo-
synthesis, some three'billioh yeéié ago, neither the ocean nor the ate - . ..
mosphere contained an excess of free oxygen, The subsequent invasion = I-
of oxygen into the sea led to the oxidation of reduced seawater con-
stituents and to the gradual development of the free oxygen levels which
prevail today. .

. Thermal Prdgép;iéé'of”ggfé; éﬁd‘Séawaier a
. .
The temperaturo at which seawater Treezes uaries inversely with ite
salt content. Distilled water (saltless~ ireezea at 32 (0%] wnile
seawater at the averege saliniiy of the oceana (3. 47 per cent salt)
freezes at about 29°F [about -2 C] Ths surfuace temperaturea in the ocean-
range from 28,7°F [-1,8%C] in polar ‘arads to 90°F (32°C) in the Persian
Culf, and increasc to 150°F [65°C] in the bottom weter of the Red Sea.
Table I shows the relative size of the gea eurface aroas which correspond
to a variety of temperature ranges. The fact that about half the sur-
face area of the oceans is reatricted to a mild and confortable tenpera~
ture range of 70 and 85°F [21 and 2900] is noteworthy and descriptive of
how the oceans tend to minimize extreme winter and summer changes in
tenporature., The oceans‘funcfioh as the world's greatest heat trap be-
cause of the.penotration and convéfgion of solar radiation to heat near "
the sea surface uithin-trop;qal and aeii-tropical latitudes,
The pronounced tendendy for vater to resiat temporature changes and.
behave as an environmental thernostét ie largely but not entirely due -
to ite high specific heat requirenent. Other water properties which en-
hance this tendency 1ncludo effocts fron evaporational cooling, heat loss
during freesing, and an adbility to mix rapidly. The heat regulation pro-
vided by.ugter.is aleo 1nporfant 1n'n1ninicing exceasive heat gain ox
loss through the .motabolic processes of warm blooded animala, For in-
stance, a man weighing 165 1bs, must ingest about 2,400 large calories
per day and wust diesipate a heat equivalent of 32°F (0°C] to maintain
& constant body temperature. A similar estizate for 165 1lbs. of quarts
would necessitate a comparadle heat 1085 equivalent to ISO°P [65°C].
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Table I

Approximate d;gtribution of oceanic surface -temperature

- Annﬁhl'faﬁée of .

surface temperature . " Tercent area of ‘oceans
O
35 or below , 12.%
35 - 40 T 4.9
40 - 45 _ 3.6
45 « 50 4.8
50 - 65 .. . 5,2
55 - 60 5.5
60 ~ 65 B | 5.9
65 ~ 70 7.5
70 - 75 o . 10,27
75 - 80 17.o§ Fraction of Total = S0%
"80 « 85 .. . 22,8

85 g0 0.1
* “The major source of heat with respect to the oceans ia solar
radiation, although some additional heat is provided by heat flow through
the bottom. Most of the energy arriving at the surface is used to evap-
orate wator while a.lesser fraction is lost via back radiation to the
atzosphere, Thene limitations plus the high specific heat of water it-

self insure that less than half of the sun'’s radiant energy supply at

the ocsan's surface is transferred as heat down through the water coluan.
Below *'o surface the ocean almost invariably shows a decrease in tempera=
ture with depth because colder weter is usually heavier and sinks dbelow -
varmer water. T
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#ta Vhen salt free water is cooled it ettains maximum density at 39°F
[400]. Thus winter cooling of fresHwater ponds-and lakes within temperate
latitudes causes an annual fall turn-over whereby dense surface water
sinks and is displaced by lighter deep water. Both the replenishment of
plant nutrients at the surface and a delay in the onset of icing con- .
ditions are important consequences of this behavior.

Unlike fresh water, the greatest density of seawater does not
occur at 30°F [4°C] since the salt content is usually high enough to lower
the maximun density below the freezing point., However, since salt is -
excluded when seawater freezes, the surrounding seawater undergoes an.
increasedin density due to an increases salt content:, Ultimately, a
sufficiently high density may ve attained so that sinking of water from
the surface commences. The occurrence of cold, dense bottom water
throughout the deepest areas of the oceans, regardless of latitude, is
accounted for in this manner.

The Major Constituents of Seawater

The major constituents of seawater represent some eleven ionic spécies
which conmprise about 99 per cent of the total load of dissolved material.
Because the distribution of these elements depends upon physical processes
such as wind- and density-indué:d water movements which control mixing,
they are sowetimes called the conservative elements of the sea, The - -
relative abundance, by weight, of these constituents after the ;oncen-'vﬁ
tration of fluoride is set at unity appears in Tadble II.:

LR

Besides bdeing an excellent solvent, water has a mérkéé tendency to
convert disyolved solids into ioniced particles. This 1s due to the
dielectric capability of watér which is one of the highest known. When
comnmon salt (NaCl) dissolves in water, a combination of positively
charged sodiuam ions and negatively charged chloride fons are releasad
and only a relatively smali asount of undissociated sodium chloridé
remaina, The quantities involved are descrided by the following equation
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and comparaﬁie relations could be shown for many other dissolved salts.i’

) | '_ o HZO i : ) Lt .
L R Na© + €1~ + - RNaCl

Table I o R

- Relative Abundance

Major Constituent mass per unit volume
bhloride .'20’000

_ Sodium 11,000
Sulfate . 3,000
Hagnesium _ ";L ' 1,300
Calcium o ;: e . 400
Potaseium _ ;‘ ‘ | :: o " oo 400 *

_;Bicarbonate ‘tflu R ' ""”;' . ‘ 150" o .
Bromide - .- . | ’ . . se 0 67
Strontium o ' 'i. _ i L Mg
Boron [ A 4

Fluoride ‘ ‘ 1
Undoubtedly the earliest chepnical observation conducted on seavater

was the reeognition of its salty taste. Hodern oeeanOgraphers use the
tern aalinity to deacribe the total amoun, of dissolved solids presént °
in seawates. Studies on the fractional repregentation of the major '

seawater constituents have shown that all of the principal salts occur
everywhore in about the same pruportion. 'n éffect, this observation -
suggeats that salt }epreaentation stays essentially the same, but vari-
ablity in the ratio, total salt:water, accounts for the odserved salinity
changea. Actually tha salinity of seawater varies from 3.0% to about
3.6%, which in the zore conventional salinity units of parts per thoue
sad (°/00) would appear as 30 - 36%°/00.,

14




L i, T TR

Low salinity seawaters contain a relatively large fraction of river
water or ice mélt, while high sal nitiea can be caused by the partition
of salt during freezing or by an excess of evaporation over the combined
amount of rainfall plug: river drainage. S

To estimate salinity concentration by summing each of the major
constituents independently would be tedious and impractical. Instead
chenmists take advantage of “he constant ratio of salts in seawater bty
first establishing a chlorinity value which can be directly converted
to salinity. Chlorinity measurements are usually obtained from a direct
titration of the total halides with a standard solution of silver nitrate.
Other analyéiéalmtechpiqueawéuch as measurements of electrical conduc-
tivity, specific gravit}:haﬁa;index of refraction can also ba used to
measure salinity. Once the chlorinity of a seawater saﬁﬁlezie estab= -
lished, the salinity can be calculated according to the following ex-
preasiont

Salinity, °/oo = .03 + 1,805 (Chlorinity, °/éo)

The density:of seawater, or its mass per unit volume, deperds upe-
on three variadbles, temperature, pressure, and salinity. The average
sanple of seawater weighs 63.5 1bs, per cubic foot while distilled water
weighs but 62.0 1bs. per cudbic foot. Therefore, the average density
(specify gravity) of aeawater is about 1.025 which expressed in terms of

C (grams per liter ia excess of 1 kilogram) would be 25.0. - Besides
increasing with cooling and salinity, density also increases with
prossare due to the slight conpreseibility of seawatur.

Colligative Properties of Seawater

The colligativ; properties of solutions are those which depend
upon the presence of fons in solution. Increasing the ionic¢c concen=
" tration of seawvater depresses the vapor pressure and freesing point,
but elevates. the boiling point, oszotic pressute. and electrical con-
ductivity. Since all of these changes ate caused by ionlc behavior; if
any one of them is measured, the others can be conputed.

Q
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Vapor pressure is that pressure exerted by a gas or vapor when a
state of equilibrium is reached between a solution and its atmoaphere.
If the vapor pressure of a liquid exceeds that of its atmoephere, boiling
results, _ S

Osnotic pressure is the force exerted by a substance in solution
vwnich seeks to distribute itself uniformly throughout the entire volume
of a solvent, It 15 measured indirectly as the force required to prevent .
the migration of solvent through a semi-permeable membrane uhich separates
two different ionic concentrationa.

The presence of ione in solution lowers the freeszing point by an
azount which'ie proportional to the ionio COncentration. For example,
the freezing point of a two percent solution of common ealt is_lowered
twice as much below 32 F [o°c] as thet of a one percent eolution and two
thirds thuat of a three percent eolution.’p~; o ',\l,

An elevation of the boiling point else accompanies ‘an 1nc9eaee in
ifonio concentretion. As previously stated the boiling point of a liquid
i9 the temperature at which {ts vapor preeeure Just exceeds. the vapor

" pressure of its atmosphere. Thus louering of the vapor preeeure vill

raise the boiling tamperature sincé the liquid muet be heeted to a higher
temperature so regain 1te ‘original vapor preeeure. _

Elaetricel conduetivity 18" expressed ue the reciprocal of the rate
at which eleetrical energy ie' conVerted 1nto heat vhen a atanderd po-
tentiel is applied between two ternina’ electrodee. Besides, increasing
with ealinity. it aleo increases uith temperature. e

-
v. &

' “l""‘“"‘
R

The Latent Heafs of Heltlng and Evaporatlon
. v.’r PR b
Yo thinklef water as occurring in three prineipe;.etetes or phases)
solid water (ice), 1iquid water, and gaceous vater (vater vapor)., To
initiate phase changes in the ‘abovo direction, & Jefinite. amount of
heat ie required to convert each gram of ice to a gred of liquid vater .
without changing the teaperature. Comparable but much hisher-heat

requirezents are also necessary to convert liquid water into wvater
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vapor (evaporation). The heat exchanges associated with phase changes
in the c¢pposite direction, i.e., condensation and ice formation, are
equal in magnitude but result in a gain rather than a loss of heat to the
eurrnunding environment. _

The latent heat of melting which refers to the number of calories re- v
quired to convert one gram of ice at the freezing point to one gram of
liquid at thq:aame temperature is 80 calories or enough to:raise the
temperature of one gram of water from 32°F to 160°F.

... The latent heat of evaporation refers to the number of cslories re-
quired to‘convert one gram of liguid into vapor at the same temperaturo)
The magnitude of this heat requirement depends upon water temporature but
approximates 536 calories or enough heat to raise the temperature of a
half pint of water by about 2%, _

-Latent heat exchanges in ngtﬁie tend to equalize and moderate
temperature relations bstween the atmosphere and the oceans. Once sea=
water is cooled to the freezing poini. its temperature does not change
with additional cooling, which only inoreases the amount of ice present.
Likewise, cooling of a humid atmosphere ultimatel}'ehuees water conden=
sation which in turn releases heat which exerts a moderating influence
on the temperatﬁre‘of the atmosphere. It is also worth repeating that
evaporation of water from the okin of warm blooded anirals is an im-
portant means of regulat‘ng against high fluctuations in body tenperature}'

‘ Pressure in the Sea

Bvery 33 feet or 10 meters of depth in the ocean increases the
pressure by one atepaphere or 15 lbs. per square firch. Thus at a depth
of 5,000 meters, which approximatee the average depth of the oceans, the
hydrostatic pressure amounts to about 7,500 1bs. per square inch. At
the greatest known dopth in the oceans, about 10,000 meters, the weight
of the overlying water coluan amounts to 15,000 1bs. or 7.5 tons per
square inch,
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Color, Transparency, and‘pight Penetration

As on land, the ,sun provides the basic source of all energy in the

. . ocean, and the heating of seawater via solar radiation has heen shown

. to have a profound effect on the climate of our earth. Sunlight is

also the driving force behind photosynthesis and growth by plents. and
togehter these two processes provide the principal food source for all

. marine animals. In turn, a significant fraction of the world's population,

. especially in East Asia, depends on fish products to maintain a Nu=

tritionally satisfactory diet. Sunlight is also necessary for the vision
of marine fishes and controls both the migrations andforeeding of many
marine species, |

The blue color of seavater like the blue color of the aky is due

. to the molecular scattering of light., Coastal waters appear greenish-

blye due. to the influence of the.yellow plant pigment, carotene. Fre~
quently, the waters of estuaries and embayments are broun due to the
amount and types of mioroorganisas and detritus in suspeneion. Plants

_and aninals which live very near the surface are subjected to a mixture

of light which extends from the near ultra-violet to the 1nfrs-rod

regions of. tne spectrum, However,.much of the incident energy, eepecielly
the ultra-violet and the infra-red portion, is absorbed conpletely within
10 feeot [3 neters] of the surface while the remaining portions of the
gpedtrun are scattered downward to a degree that varies according to the
clarity of the water. In the clearest seawater, blue light at a wave—
length of adout 460 nilliniorons is most penetrating and is the color Bost
prominently back-scattered. Under ideal conditions, a genith sun over

the open ocean is capable of blue light penetration, which would oe
visible to the human eye, at least to a depth of 2,600 feet (800 metera].

The Hinor Constituents of Seawater
Besides the major constituents, seavater also contains an additional“

group of elenents called the minor constituents, which total less than
0.3 per cent of total amount of dissolved solids. TPespite their relative
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scarcity, the biochemical and geochemical impoitance of this group should
not be underostimated. Usually, the minor constituents are divided into
three different categories: (1) the principal ‘nutrient elements, (2) the
micronutrients, and {3) trace elements. HNew information oﬂ'the“nutritional
requiremints of marine organisms can be expected to alter the representa-
tion of elements witnin esch of these categories. R

In.egrlculture, the principal nutrient elements are nitrogeﬁg'phoephorue,
and silicon as iell as potassium, calcium, and' magnesium. ‘The'ieﬁter three
eiements ar? classed as major constituents of seawater because tlie oceans
contain them in amounts which exceed the nutritional'redﬁiremeﬁtsvbf
marine plants. .On the other hand, available nitrogen, phosphorus, and
silicon are cons1dered winor constituents of seawater since they are not
always present in overabundance. Prolonged plant growth at’ or near the _
surface”yhgre.;ight is suitable for pphotosynthesis often causes a depletion',
of these,e;empnts‘dpe to their biochemical conversion'intb'liviné cell '
substance., . o '

Together, photosynthesis and plant growth tonstitue the essential
first steps in . establishing th~ food ‘chain of {he seas To suetain marine
life, nutrient elements removed during plant growth must ultimately be
returned in an available form to the photosynthietic zoné. At each of the
varioes,trophio levels of the food chain, orgéric éxcrefieﬁe.eﬁd inert
cellular remains cre broken down by the activities of vacteria and ani-
mals so that ultimately the original ionic forms of the princxpal nutrient
elements are regenevated and returned to solutiza.’ ' f

'When the regeneration of: plant.nutrients proceeds %ursfde the zone
of active plant growth, various hixing'processes'are'réeponeible for
their return to the surface. | Sometimes in coastal areas this is accom-
plished by.upwelling when 'nutrient-rich deep water replaces impoverished
surface vater as the latter is pushed seaward by prevazling winds. At
other locations surface waters are enriched by-the turbulence caused by
currents passing over an uneven bottom cor through narrow straits. 1In
temperate zones where there is 4 markKed-seasonal variztion in temperature,

vertical convection helps .maintain ‘the annual supply of plant nutrients

ARl e~
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in the upper layer. Convection commences during winter cooling when the
density of surface seawater increases sufficiently to initiate a sinking
which in turn causes a compensatory upward movement of lignter, nutrient

rich water from below. =~ e e e e

The distribution of the micronutrient elements jin the sea remains :

to be fully documented s,nce procedural difficulties introduced 'by their

e bl oo

extremely dilute conCen ratlons often” preclfae rsljable analytical esti~

mates. However, wany marine plants and’ animals ‘4re able to concentrate.
micronutrients up to 10,000 fold above that of the surrounding seawater,
Many marine biolgoists belleve that low concentrstlons of iron and

magnesium in certain surface wsters ‘caf 11m1t the growth rates ‘of plant

populations. In addition, certain other trace elements including‘copper,

zinc, molybdenum, and cobalt are also known to be essential for the growth

of plants, Copper is concentrated in the soft tissues of many marine

organisms such as oysters and also in homocyanin, the respiratory pigment

of crustaceans. Cobalt 1s an essentlal part of the vitamin B molecule‘

and many marine organlsms ' show enrichment ‘tendencies which favor an-
accumulation of this element, wBothviodine and bromine are highly con-
centrated in the brown seaweeds and iodine is exiracted in commercial
quantities from kepp in Japan._ The body flulds of tunlcates are notably
rich in vanadium although the processes leaalnb to its accumulation '
remain obscure,

Geochemically,‘the dlstrlbution of the minor elements is also of

considerable. interest, .and it is to geochemlsts tha t we owe most of "theé

.- o e

available 1nformatlon on this subgecu. The datlng of marine sedmments
by the detection of radioactive clements and their decay proaucts has’
proven extreuely rewarding and has accounted for much of the recent
pregress in tuis area. Finally, the increased use of nuclear fission
during the past few decadcs has already led to the accurulation of
measurable quantities of radioactive isotopes in marine organisus and
aediments and re-emphasizes the continuing need for more definitive

information on the distribution and role of minor elements in the sea.
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10, MARINE BIOLOGY

by Richard T. Barber
Duke University Marine Laboratory

Food Chain or Energy Dynamics of the Ses

One of the central ideas in all biology is that living things always
exist as part of a functioning system:. The system includes other living
things and the nonliving physical end chemical environment. Marine biology
is the study of the living system of the sea. All living organisms from
bacteria to whales affect each other, they affect the phyeical and chemical
environment. Marine biology's ultimate objective is to understand the
nature of the living system of the sea, that is, what kinds of plants and
animals are present in the sea, how they carry out their life processes,
and how their lives interrelate. This is an smbitious goal and one that
will require a great deal of effort in the future; but it is also an
essential goal, one which we must work towards.

Marine biology's increasing knowledge of the sea is of primary impor-
ance not as & means of supplying more food from the sea, although that is
a minor benefit which will accrue., The real need for understanding the
living system of the sea is that man and his civilization are part of
that system and if the system is destroyed or damaged, man's existence is
threatened just as much as any other living organism's. Ve must under-
stand the natural system so that we can live with it and in it and use it
without destroying its intricate balance. Uhile much emphasis currently
is given to deriving food from the sea, students with a real understanding
of life in the oCean will appreciate that marine biology is concerned with
matters far more important than the harvesting of more protein. For ex-

ample, life processes generate (and consume) oxygen, maintaiving the at-

.mospheric oxygen at its present, beneficial level. The role of the living

.
=
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system in the maintenance of the life supporting quality of our air is
obviously as important as food production. 3tated simply, mankind needs

to dnderstand the nature cof the living system of the oceans so that socioety
can be a prudent custodian rather thén a destructive exploiter of the re-~
markable web of life that ezists in the sea. Lest you think this is an
unrealistic goal, consider the achievements of our farmers. A modern

farm can be as productive 100‘years frém novw as it is today because farmers
have learned to be custodians of the soil rather than exploiterst Know-
ledge of the cycles of air,‘watér,'and.fertilizer allows a farmer to pro-
tect rather than exhaust his resources. The s2a'is bigger and more
difficult to understand than a land system such-as a farm, but the size

and complexity of the system increases our need to understand.and preserve
the system. | _ '

The ideas of marine”bioloéy aré exciting and engaging; hoﬁ'ééh they
be otherwise when we-are talking ﬁbout restless, huge oceans aﬁh the fas-
cinating plants and animals that live in the sea? But scientists fre-
quently express these ideas in rather dull, colorless 1anéuaée. Scientists
use abstract language so thaf'they can mike their . ideas apply to'many ex-
amples. \le say organisms require energy to live; thio is an accﬁrate
statement and a good way to introduce a discussion about the food chain
or energy dynamics of the sea. But pefhaps we can engage you students in
the excitement we scientists feel by expressing the same idea in more
graphic and less abstract terms. Consider for a moment a young blue whale
swimming through khe cold, grey Antarctic sea; the whale is three years .
old, sixty feet long, weighs fifty tons, and is swimming at & speed of
12 miles an hour. Obviously it took a lot of food o grow fifty tons of
whale in three years, and just‘as obviously it takes a lot of fuel to
supply the energy to drive the huge animal through the water. Vhat is
the energy supplying fuel, where does it come from, and how can a young
whale gather enough to support hiﬁéelf; and finally where does the energy
ultimately go? The anewers tc these questions make up the subject of food
chain dynamics. ‘ '
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Food has two important components. One component is the matter
which makes up the food, that is, the actual atoms of carbou, oxygen,
hydrogen, nitrogen, phosphorus, and iron. The atoms can be visualized
as the structural material or building blocks from which a living
system can be built., 1n building something, energy is required to or-
ganize and assemble the structural material. The second component of
food is chemical energy which exists in bonds between the atoms that
make up tiue food.

The energy that the young blue whale uses to swim through the
Antarcticlsea originates in thermonuclear reactions that occur in our
sun. The nuclear fusion of hydrogen atoms into helium releases huge
amounts of energy some of which eventually reaches our planet in the form
of radiant energy or sunlight, The energy of the sun is absorbed by
green plants and converted into chemical energy by the process known as .
photosynthesis.

The photosynthesis of marine plants is exactly the same as that of
the familiar land plants such as grass or trees. Light energy, absorbed
by chlorophyll, becomes chemical energy in the form of excited chlorophyll
electrons. In subsequent reactions the excited electrons are involved
in the synthesis of carbon dioxide and water into an energy rich material
called carbohyd te. The carbohydrate can be processed by plants and
animais ipto proteins and fats and thereby used to build the elaborate.:
structural material necessary for the construction of living systems.
Carbohydrate can also be broken down, or melabolized, by organisms with

the subsequent release of carbon dioxide, water, and the covalent bond

....energy. The liberated energy is then available to the living system for

+ =~ -the assembly of new kinds of molecules, or for mechanical work such as

muscle contraction, or for any of the other energy requlrlng reactions
that the cellular machinery carries out.

The energy containing carbon compounds that we know as ésrbohydrates.
fats, and proteins belong to a general class of compounds called orgagnic
compounds. The photosynthetic production of organic material is frequently

called orkanic production or primarv production and the organisms that
cat}y on this process are referred to as gr;mgrx producers:
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The essence of phetosynthesis, or primary production, is that it is
the process by which the solar energy is made available to the living
system. All organisms are ultimately dependent én the chlorophyll con-
taining plants, for only those plants can trap the energy and "package"
it into organic molecules which can be used by other organisms as a
supply of enargy. Obviously the amount of energy processed by the primary
prqducers sets an absolute upper limit on the humber of dependent or-
ganisms or consumers that can exist in the system. Ye can deduce, then,
that since our blue whale is able to grow very rapidly, a large numbev of
prlmary producers must be present in the sea where the whale lives,

At this point we should leave our blue whale and look in detail at
the plants and animals that make up an ocean food chain. After we are
move faﬁiliar with fhe nature of the living syetém, we can return to our
eﬁestjeﬁ eeout how can a whele:gather or cellect enough of the sun's
energy to eupporf itself. e ﬁnok'that plhnts trap the energy, now lut
us look at the route of the ehergy or qud from the plant on up the food:
chalns To do this ve must learn more about the organisms themselves.
Animals and plants that live in the sea have three possible modes of life
ayaiiable to them and it is very useful to be able to distinguish be-
tween the thrze ways of life. They can float passively in the water,
they can swim actively, or they can live on the bottom. The drifters
are called plankton, a word taken from Greek which means "that which is
made to wander or drift." The active swimmers such as fish and whales

' are ca11ed pekton, and bottom dwelling plants and animals are referred

£6~ as benthos. The plan&ton communlty is divided into the photosynthetic,
or plant plankton, which are called phxtoplankton, and the animal plankton,
or zooplankton. st e

Phytoplankton, ‘the primary producers of the open sea, are microscopic,
single-celled algae. ‘ituin their single cell they carry on all the different
functions that land plants perform with’their complex system of roots,
stems, leaves and flowers. %he smell size of phytoplankton is an adapta-
tion to the conditions that a planktonic plant €aces. The smaller an

object is the larger is its surface area in relation to its volume or mass.
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The large surface to volume ratio has at least three benefits for phyto-
plankton that we can undersiand. Firstly, the larée surface area creates
€rictional resistance with the water and retards sinking. /e know that an
intact brick will sink faster than the same brick ground into dust. Sec~
ondly, the large surface area provides a large area for the uptake of raw

materials for photosynthesis, and third, the large surface to volume re-

~ lationship increases the amount of light that can be absorbed.

Of the various kinds of plants that make up the tiny unicellular
phytoplankton, three groups are by far the most abundant and numerous.
These are the diatoms, dinoflagellates, and coccolithophores (see Figure 1).
Diatoms differ from all other plants in having a cell wall which deposit~
an exteinal skeleton of silicate waich encloses the cell like a glass box.
The siliceous skeleton is in two parts which f1t together like an old-
fag¥ifoned pill box. FElectron microscope plctures have revealed that the
siliceous walls of diatoms are very elaborate structures composed of
intricate patterns; euch species of diatom has a dlfferent and character-~
istic pattern of pits, striations (or channels). and perforatlons. Diatoms
are able to multiply very rapidly; under favorable conditions the population
doubles in less than one day.

Diatoms are non-motile, completely at the mercy of ocean currents
and gravity; but the other major groups of phytoplankton, the dinoflagellates
and the coccolitiiophorids, possess flagella and are capable of SOme move~

ment thirough he water. Diﬁofiagellates possess two flagella which lie in

- . grooves in their rigid cellulose cell walls., 3ome dinoflagellates have a
. light-sensitive eye~spot or stigma which anables them to move in relation

- . to a light source.

Coccolithophores also possess two flagella on each cell, but they

. differ from dinoflagellates in that each cell is protecled by many tiny

- plates of calcium carbonate.

The three groups of phytoplankton are similar in thaet they all are
capable of photosynthesis and they all, thefefore. are referred to as the
primary producers of ‘he marine food chain; but the important differences

should be recognized also. Each group has evolved a tough external Capsule
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of a different materiaiﬁ diatoms use silicate, dinoflagellates use cellulose,

and coccolithophores use calcimm carbonate. The external skeletons of dead
"diatoms and coccolithophores sink and become incorporated in .the deep sea

sedimenté, thereby leaving a detailed geologic record of their past abun-

dance and distribution in the earth's oceans. Diatoms store organic material

in the form of fat drops inside the cell; geologists speculate that our oil
r>féserves may have originated in diatoms.

Each of the major groups of phytoplankton is best adapted to a
different set of envzronmental conditions.. Nutrient rich conditions are found in the
sprlng%ime in reglons of the ocean where “deép waters‘'are brought-tothe surface by
upwelling. Diatoms -are by far the most abundant kind of phytoplankton in
the spr1ng or upwelliog blooms; we believe this is because diatoms are
able to grow faster than dlnoflagellates or coccolithophores in a nutirient
'“hrlch environment. Coccollthophores, on the other hand, are able:to live
"'gﬂ&”érow in nutrient poor situations, therefore they are the most abundant
group in the low nutrient torpical seas. In rough analogy with land plants,
we could call ¢nccolithophores "desert" plants since they can survive in
‘conditions which are too harsh for other phytoplankton. Dinoflagellates
" have the ébility to grow well uhdor a vafiety of environmental conditions,

We might generalize and séy that they can exploit a wide variety of con-
ditions, but they are most_abundant-between the estremely rich situations
where diatoms are predomihate and the poor conditions where coccolitho-
phores predominate.

The phytoplankton ofe.“grazed" or consumed by the herbivores or
intermediate levels of the marine food chain. Since the phytoplankton are
small the animals that have evolved the ablllty to harvest the unicellular
plants must also be small. A generalizatlon we can make about food chains
is that each organlsm eats sometning smaller than itself. Therefore, the
organisms that consume the microscopic phytoplankton are smaller than grass-
eating land an1mals.

Among the most successful phytoplankton harvesters are members of
the zooplankton called copepods. Cepepods are small crustacea which are

about 1/4 inch or less in length and which swim by means of two oar-like
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a. Diatom undergoing division of cell

¢. Coccolithophore

Fig. 1. Three common members of the phytoplankton. (la from Alister C. Hardy,
reproduced with permission; 1b from M. U. Lebour; 1c from John E.G.
Raymont, reproduced with permission.)




appendages. (Their name, gopepod, means oar-footed,) It has been sug-
gested by the English oceanographer Sir Alister Hardy that the number of
individual copepods-in the world's oceans exceeds the number of any other
group of multicellular animeks. The herbivorous copepods have fan-like
appendages bordering their mouths: Yater is drawn toward the mouth by
beating these appendages at a high rate, often up to 60 strokes per
second. The small whirlpools that are created pass through sieve-like
structures which filter out the phytoplankton. lhen a large portion of
filtered material has accumulated, other appendages convey the concen-
trated mass to the mouth.

Wthile there are numerous other kinds of plant eating zooplankton,
copepods are good orgénisms to use as representatives, because they are
quantitatively the most important marine herbivores. Copepods, like many
of the planktonic animals, have a complex life history that involves
several different stages (see Figure 2). The first stage is a charac-
teristic larval form called a nauplius. ' ‘

The nauplius, as it hatches out of the eggs carried on the abdomen of
the female copepod, is a tiny, six-legged, kite-shaped animal. It
possesses a single eye and a protective armor of chitin, the same material
that insects use in the construction of their external skeleton. A4s in
all organisms with rigid exoskeletons, the copepod nauplius cannot gfow'
continuously but must grow discontinuously in a series of short steps;
The old exoskeleton is shed or "molted, " and the copepod grows very
rapidly in the short interval before ihe new éxskeleton hardens. Each
species of copeped goes through a definite nﬁmber of mol”: Auring its
life, with growth and some change in its body form occurring at sach
molt. The adu;t_form. in which mating and reproduction occur, is the
eleventh or twelfth stage in the series. The larval copepols, like the
adults, are filter:feeders which eat phytoplahkton that are strained out
of seawater by seive-like mechanisms. '

Copepods produce three or four‘generations per year so that they
can reproduce fast enough to harvest efficiently the rapidly growing

phytoplankton populations. The copepods and other herbivorous zooplankton
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are eafen by fish or by bigger zooplankton. ‘The dopepod eaters are re-.
ferTed to as predators, carnivVores, and secondary consmmers, meaning they ,
prey on other animals, they eat meat, and they are the second level of
donsumers in the marine food chain. Figurez 3 shows that the food relations
of a fish such as a herring are complerj’but Wwe can see that the sun's energy
that was captured by photosynthesis is passed frem phytoplankton to copepod
to herring, then %o a still larger higher predator such as a tuna, squid,
porpoise, striped bass, or even man.

Herring and other zooplankton-eating fish have a remarkable food
capturing mebhanism. If you look at the gills on these fish, you can see
that the gill supports or gill arches have a frimge of stiff strainers
which are called gill rakers. The gill rakers form a fairly rigid mesh
through which the water that enters the. fish‘s mouth must pass. Any ob-
jects in the water stream that.-are larger than the mesh 31ze are filtered
out and retained on the rakers. As the fishsgrow and the mesh size of the
gill raker grld increases, the fish harvests dlfferent 51ze zooplankton
but retains the same basic feeding mecnan1sm. . '

The dlatom. copepod, herring, squid, strlpeu bass. man food chain is
a familiar one that we can observe in our nearby waters and one that we
are a par’ of im'a very real sense. By comparing this food chaln with the
one *u which the Antarctic blue whale belongs we can become aware of the
economics or bookkeeping underlying the passage of energy and matter
through a living system. The dominant property of such transfer gystems
is that nine-tenth's of the enebgy and matter is lost to the system with
each transfer. It is really incorrect to view the decrease &8 a loss of
anything; it is simply that & copepod uses nine-tenths of everything he
takes in to majintain himself and "saves" one-tenth in‘the form of the' '
growth of new copepod mass. The implicafions of the nine-tenths cost of
maintaining each transfer step in a food cha1n are far reaching. Ve can
calculate roughly that' one pound of man was produCed from 10 pounds ‘of bass,
which required 100 pounds-of squid, which required 1000 pounds of herring, °
vhich required 10,000 pounds..of.copepods, which reguired 100,000 pounds or
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50 tons of diatoms. The Antarctic blue whales use the phytoplankton
more efficiently because they belong to a shorter food chain that
lacks the intermediate steps found in the herring chain. The blue
whales eat krill, a two inch shrimp-1il-e crustacean thet grazes on
diatoms just as copepods do, Therefore, thne complete chain consists
of diatoms, krill, and the whale. Using the same mathematics as
before, one pound of whale represents 10 pounds of krill w.aich rep-
resents 100 pounds of diatoms. The two food chains can be further
compared by observing that starting with 50 tons of diatoms one 5
could get 10 pounds of sfriped btass or one-half ton, 1000 pounds,

of whale depending on the kind of biological system carrying out

the transfer,

¥e should emphasize that the blue whale-krill-diatom syatem 1s
probably the most efficienst food chain that has ever evolved on
earth. The blue whale is the largest creature that has ever lived
and has the highest growth rate.

The goud student should ask at this point if short food chains
are more efficient; furthermore, if the relentless pressure of natural
selection is always operating, then why has not evolution produced
more snort food chains? The answer can be found in a c¢lose examin-
ation of two food chains. The krill which the blue whale consuges
is a single species called Buphgusia superda and the diatoms con-
suned by the krill consist of menlers of one restricted group or

genua of diatoms. Compare tais ex&eptional degree of specialization
with the conditiorn found in a herring food chain. Note that an
adult herring consumes a variety of kinds of zooplankton and as the
herring matures the kinds of crganisas that i$ consumes change.
Consider which ecological plan is "safer.” You appreciate that the
blue whale food chain wiile highly efficient s also evolutionarily
unsafe. Thece whales depend on a single kind of food organiea
throughout their lives, if the krill decame extinct or reduced in
nunbers for any Teason the hluas whales weuld also'becone extinct,
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On the othér hand the disappearance of any single species from the herring
food web would not destroy the whole food chain. Juch a system has dupli-
cate or multiple channels through vhich the energy is passed. ‘Such.systems
do not have the spectuacular efficiency.that produces 70 foot whales but
they have long tern evolutionary security; that is, they are less likely

to become extinct, The food chains thut we observe in the sea tpday are

evolution's workable compromises between efficiency and evolutionary security.

Benthos o
TR

The benthos Eonsists of the plants and animals that are associafed
with the bottom of the sea rather than exclusively with the water as the
plankion and nekton are. The bottom community contains large attached
algae, many kinds of mic;obes and a very great variety of invertebra?q ani-~
mals. The large attached algae, frequently referred to as seaveedsvpare
the common plahts that can be seen covering rocks at low tide. Thecu algae
are restricdted fo the relatively shallow, near-shore parts of the océan
where sufficient‘sunlight can peng}pate.pq allow photosynthesis to occur.
In shallow waters the photos}nihésis carried on by bventhonic algae does
contridute to the food supply wnich becomes available to the benthonic ani-
mals, Howevef. the amount of food produced by benthonic algae is small in
comparison with that préduced by the phytoplankton. The benthonic apimals
depend in large part, as do the zooplankton and nketon, on the food bro-
duced by the tiny phyfoplankton that grow in surface waters. The largé sea-
weeds do provide a source of cdver_and protection and therefore contridbute
greatly to the richness of the community. The relative lack of‘inéortance
of the seaweeds as a food source and their great 1mporfance as cover‘vas
discovered vhen men found that fish and invertebratea would snttle and
grow in clumps of plastié seaweell. Great mats of plastic fronds were placed
on the sea floor to stop the movement of sand. ‘'ithin weeks a rich and varded
benthonic commaunity had zoved into the plastic seaweed, apparently attracted
and held by the cover ard proteciion. To desari“e this in more forsal worde
we can say that the animals in tnis sftuatisn were haditatl not rood limited.
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Vhat they needed was a place to live just as a rabbit needs a briar
patch. One of the exciting things that man can do in the sea is to pro-
vide habitet and thereby greatly increase the richness of the benthos in
shallow water areas.

The benthonic plants are, of course, limited to the shallow ocean
floor where enough sunlight can penetrate to pg:mit photosynthesis,
Benthonic animals are present and have been caught and observed on all
parts of the acean floor including the deepest trenches. .The anirmals
that 1live on the deep ocean bottom, far removed from the primary pro-
duction step of the food chain, are able to survive becauss a small
portion of the organic matter produced in the sunlit zone is eventually
distributed to all parts of the deep ocean floor. In the unvarying cold
and perpeiual dark of the deep sea an amazing variety and abundance of
animals have been found. ‘he study of the deef sea benthos'is the last
exciting frohtier is deacriptive biology that exists in marine biology.

Yertical Higration and Bioluminescence

The preceding information attempts to describe some of the things
that we know about the biology of the cea. It is important that a student
recognize that a great body of knowledge about *he sea exists, but it is
more important to understand that the excitement of science ie in the
things we do not know. The subject natter of scieace, th.t is the things
scientists are concerned with right now, are the things we do not know.
Two large areas of rariune biolegy that are very poorly understood are the
vertical nigration of planxton and the bioluminescence of marine organiems.

Vertical wigration
Vertical nigration is the name given to the peculiar vertical move-
ments of plankton; the movements are towards the aurface at night, avay

from the surface into deeper water during the daytime. The "aigration”
is a daily one with animals making one roundtrip each day and should not
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be confused with the §easona1, long-distance movements of animals that
are usually refepred t§ as migrations. The extensive vertical movements
made by marine orgénisms have been known since the earliest days of marine
biology because naturalists noticed th.t plankton nets took larger catches
when towed in tﬁe surface waters at night. UWhile marine biologists were
aware of vertical mxgratxon, no one suspected how widespread and deep the
migrations were until echo sounders began to be used in the deep ocean
during VYorld ‘ar II. An echo sounder 15 an instrument that measures the
length of tims neceqbary fof a sound to travel from the ship to the bottom
and back to the ship. Thé sounder times the bottom echo, and since the
travel time of the echo'iéxprnportional to the distance of the ship from
the bottom, the echv sounder cain give a reading of depth directly. During
the wartime work on submarine detection by echo location, scientists found
that layers of echo-producing objects, or sound scattering agents, were
consistently present in the ocesn. These leayers came to be called the
deep scattering layers. As scientists leerned to follow the movements of the
‘Geap scattering layﬂra ,- an exciting drama unfolded. The scattering
layers were found thr«ughout the world's uceans from the equator to the
northern latitudes, and most of the layers carried out a daily vertical
movement going from the surface a% night to depths of 200 to 600 meters
during the day. The echo soundings showed marine biologists that vertical
aigrations were far more iﬁportant and widespread than had been suspected.
Much research has been done on the deep scattering layers, and the
general prodlem of vertical movements in the sea end the status of this
work will show a student the kind of work that tomorrow's scientist aust
do. Using very elaborate and exvensive electronic and sound equipment
together with nets and tne deep subzersible sudbrarines, wu have definitely
1dentit£ed the kinds of snimals that make up the scund scattering layers.
The organisms that make 200d solid echos are those with air-filled bladders
or floats, and two kind- have been associated vith the layers' deep sea
fishes (especially lantern fish and hatchet rish) and cerrain kinds of
Jellyfish called sithonophores. Another aspect of the layers that sust be
eaphasised is that different kinds of lantérn fish and siphonores make up
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the layers in different parts of the ocean. The layers look alike on an
echo sounder, out when biologists have observed them from submarines in
different parts of the ocean, they have noted that the specific kinds of
animals and the proportions of diffesrent kinds are quite different. In .
addition to knowing what animals are present in layers, we also know that
the migrations are regulated by light. Jstudies of the movements as the
day length changed in the polar latiiudes show that the migrations follow
the 1light intensity precisely. iiost impressive, however, was a study
where the layers were followed during an eclipse of the sun. The animals
started towards the surface as the eclipse began even though it was high
noon. J3cientists know reasonably vell what animels are present in the
vertically migrating layers and they know that the animals' behavior is
regulated dby thé light intensity. Now you must ask what is the biological
function of vertical migration? The great vertical movements use up so
much energy, and the behavior has evolved in so many different kinds of
animals that we must suspect that vertical migration plays & very important
role in the survival of animals in the marine world. Many ideas hsve been
advanced to explain the biological significance of vertical migration, but
no explanation is really convincing. Using your kniwledge of currents,
temperatures, phytoplankton distribution, and food chains, yov should de
able to put together some ideas yourself. Today's student should be aware
that zany of our concepts about how the sea works are uncertain or non-
existent. Ve know what is there, and %e know in soue cases how physical
or biological processes occur, but we frequently don't know how the whole
worka together. BExplaining tne ecologicel significance of vertical migra-
tion i8 a good exanple of where toworrow's scientist will have to put to-
gether a mass of separated physical and bdiological informatic. that today's
scientist has jathered.
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Bioluminescence

‘ Bioluminescence is the production of light by living organisms. In
' tﬁe sea, many kinds of organismu from bacteria through fish produce bio-
luminescence. During a dark night at sea the wake of a ship may'be out-
ined in blue light if it passes through water containing a swarm of bio-
iuminescent organisms. It is a dazzling show of light when the bow wave
‘becomes a brilliant cascade and the propeller is outlined in blue. The
:_ organisms most often producirg these bright displays are members of the
phyotplankton called dinoflagellates.. The tiny dinoflagellates produce
_ "a flash of light when they are distrubed by turbulence from a ship or
' any<objéct causing a disburbence. If you dip up a glass of water con-
taining the blue light and carefully pour out part of the water until .
you have only a single source of light when the glass is shaken, you can
then GXamineAfho contents of the glass under an electric light and see
that there is nothing visible in the water. The tiny dinoflagellates
are, of course, almost finvisidble without a microscope, but each smaii
cell is able to produce a flush of light that is clearl; viaible at
night from a distance of several yerds. '
lian has been fascinated by bioluminescence ever since the first sailors
ventured out; considering the strangeness of the blue light it is sur-
prising that carly seamen did 1ot have more ayths and tales about bvio=-
luminescence. Benjamin Franklin noted the light during his Atlantic
crossings when he charted the Gulf Stream. He thou_ht at first that the
light was produced by &n clectrical reaction occurring between the water
and the salt i* contained. ‘'Yhen he found that sea wuter which had been
kept in a Jar for some time stopped emitting light, Franklin gave up his
electrical hypothesis because Le knew that the water and the salt had not
changed and, therefcre, tnat the 1i ht producing adbility must not be de-
pendent oﬁ thosecharacteristies. Today we know that the explanation for
Franklin's experisent is siapl.- that tae tiny dinoflagellates died in
the jor and therefcre light production stopped. You can imagine how
difficult it would have bdeen for someone in Ben Franklin's time to accept
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that an invisible organism could produce such an impressive sparkle, and,
of course, at that time the presence of microscopic plankton was not sus-
pected in seawater so Franklin would nave no basis to suspect that a

tiny living agent ﬁas producing the light.

Dinoflagellates, while they are the most bioluminescent organisms, are
by no means the only ones. There are light »>rodcuing bacteria as well as
Jellyfish, shrimp, copepods, many kinds of marine worns, and many kinds
of marine fish. The light producing capability has arisen and been main-
tained in many different and unrelated kinds of organisms. Some basic
gharacteristics like the presence of a backbone are traceable through a
line of related organisms; biclogists descride this situation by seying
that the presence of a backbone evolved only once and was passed through
evolution to a great fauily of related animals. Bioluminescence is dis-
tridbuted among living forms in a very different pattern; biologists be-
lieve that the ebility to produce light evolved independentiy many times
during the long hiatory of 1life.

Marine Microbiology

Marine microbiology is the study of the small, singlescelled or-
ganisms that live in the sea. These tiny entitier can be seen only un-
der a wicroscope and are commonly referred to as micro-organisas. -The
micro-organismgtiiat live in the sea can de divided into two large bdut
functionally distinct groups: the single-celled plants, or phytoplankton,
that we have discussed alread; and the micro-organisme called mineraligers
or deccmposers which consist mnatly of bactesia. The phytoplankton, be-
cause of their rile as the food manufaciurers in the food chain, are con-
sidered separately f:om the bacteria. Both groups, phytoplaiukton and
bacteria, are micro-organisms; but since the functions of the two groups
are different in nature, it is logical to discuss them separabely. To
gei a quick feel for the functional differsnces of the groups, remenbst
that phytoplankton use the sun's energy to make organic matter out of
carbon dioxide and water, whereas bacteria break down organic satter con-
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\crtiug 1{ '‘back t6 Carbon ‘dioxide end water and releasing tlie* energy. It
should now be clear thy the phytoplankton are called producers and the
bacieria are called décohbosers. A point that must be emphasized here i=
that the decomposers ére Just-as important to the cycle of life in the sea
as tha producers are.. If the organtc material syqthesized by plants were
nnt being constantiy.decomposed back to CO-2 and H20, then the rav matarialsfl
for new life would not be. available and the living cycle would op. It
g fuportant to undexstand that all the "parts" of a livin 1 are.
esscntial to the working of the system and that no one pa:. o1t the cycle.
can be called nore i:portant than another.

The phytoplankton float frealy in seawater; but bacteria grow best
on surfaces. The aurfaces may be the :ir-sea interface whexe air and water
cet, the botton where sedxment and vater meet, or the surface of any -
particle that existe in seawvater. The number of bacteria or the siae of
the population is controlled by the amount of food and the availability of
surfacas for the bacteria to grow on. liost often the surface and the food
supply are th2 same item. For example, a dead diatom rapidly becomes coated
with a film of slime. 7he slime is made up of millions of rapidly growing
and dividing bacteria. Botween weals, that is, after one fond source is
corsunsd and before a new source hecomes atvuilable, bacteria exist in sea-
water as resiatant resting cells. These cells function like the spores or
even sceds of other oiganisms in that they pirovide a mechanism for being
reedy to expluit favor:-dle growing conditions. The metabolism of the resting
cells is greatly reduced, almost nonexistent; therefore, these cells c¢an
rorsist for tonz periods of time without a new food supply, and yet they
are ready to bogin growth and division as soon as a food source becomes
availablg. Resting tacterial ce2lls of many kinds are present everywhere
{n the sea} from any watc. saaple an amaeing nundber of bacteria can de grown
if a varicty of food sources is supplied.

You can prova to ycurself that decomposing bacteria are preaent as
rosting cells in any natural waters by filling a sterflized bottle containing
a hut dog with water from any river or bay. If you carefully sterilise a
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bottle with a hot dog in it, then open the bottle under water and seal

it after filling under wéter, any bacteria in the bottle will have entered
with the wafer. 1f there are decomposing bacteria in the water, the
water will become cloudy, and in a néek you will notice a very sirong’
smell when you open the botéie. Thé'éneil is'ffom'products that are pro-
duced by the bacteria as they break down the protein contsined in the

hot dog.

So far we have referred to the decomposing wmicro-organisms as bac-
teria. This is more or less accurate, because bacteria are responsible
for most of the microbial decompesing activity; lLut in addition to bace
teria, there are also marine fungi, yeasts, protozoans, and viruses.

The activities of the marine micro-organisms havé little visible
impact on man and his interests except perhaps in the area of bio-
deterioration of metals, plastica, and wood products. Héuever. the
indirect impact of microbial“activit§ on man is extremely important.

If we want clean and healthy air and water, we need a healthy sea, and

a healthy sesa is one in which all the units of the living system are
functionihg. Han ‘puts a load on the functidning system by using the sea
as a giant and limxtless waste disposal system: Massive waste disposal
operations are an absolutely necessary feature of the scciel systenm gman
lives 1n. but waste disposal is such an intellectually unpleusant topic
that mcst of us would rather not think avoit if. However.stheAiime whez
we had the luxury of rnot thinking about waste disposal is past. Few
people now live on farms, bdbut .anyone who grew up on such a farm knows
that a hea]thy cesspool very effectively decomposes sewage by means of
bacterial breakdown. The sewage is decomposod to cardbon dioxide, nitrates,
phosphates, and other bdasic constituents including water. The water
percolates through the soil and eventually can re-enter the farm well
where it is used agein as pure, good-tasting drinking water. If oan
intends to use the sea as a vaste dxsposal system. hé nuat start thinking
about and caring for the marine environment in the vay a cesspool is
tared for. Like a family cesspool, the marine systea must not be over-
loaded; that is, wastes aust not be put into the syasteam faster than they
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can be'bfoken down. Even more ctirical is the prob;eh_of toxic materials
that will harn bacteria. Detergents, toxic metals, acids, petroleum
.products, pesticides, or any of the toxic byproducts of our industries
can inhibit dr prevent bacterial activity, thereby preventing effective

breakdown of organic wastes.
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Y4, THE ORIGIN' AND DEVELOPMENT OF LIFE IN THE SUAS

by Richard T. Barber
Duke University Marine Laboratory

[SEPEN

‘The Origin f Life.

The qﬁeetion of the origin and evolution of life is tae :oldest
and most elusive provlem .that philoao;aers and soiéntists have tried to
solva. For 25 centuries, sin e the beginnings of Greek gcience, men
have struggled to find a rational and convincing explanation of how 1ife
began. One of the glories of buing alive at the present time 1e‘that we

~¢an have at lrust a partial understanding of th, origin of life, ”he
student of today cen know more about how life begaen that the most edu-
cated scientist could know fifty ‘years ago. . :

The living systews we are familiar with here on Earth require liquid

" water; water is the most abundani constituent in a living unit. It serves

' as a solvent for many of the othe¥ constituents of living systeus, and
it contributes to the structure of many essential biuvlogical moleaelee

¢ by forminé coordinate bonds and bridges with the molecules. Water, there-
fore, plays a dual role in‘liﬁing systeus, boing both the solvent that

- makes diffusiod and diepereal poseible and the cement that stabilizes the
‘large elaborate molecules. .

Scientists now ‘th'vlz that water and other volatile componente of
tho Barth's original atmoephere, such as methane and ammonia, were released
from molten rock in the_Farth's interior at some time after the Earth
had assumed its present shepei' The process of releusc of the vater vazor
and other volatiles is caiied’degaeeing and is the same process that oc;
ours when a bottle of carbonat:d drink is opened. The carbon dioxide de-
gasses from the drink and enters the atmosphere. Although seientists
agree that degassing of tho moltea interior is the source of the water,
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there is no agreement about th: time scale over which the degassing has
occurred. It is possible that most of the water was released early in
the evolution of the Earth, creating the prvimitive atmosphure and oceans
in a single event; or the degassing could be a continuous process by
which water was added slowly to the Earth's surface and is still being .
added by volcanic action. If the degassing is a continuous process,
then the amount of water in the oceans is constantly increasing, and we
inight exrect to see a consistent .pattern of change in the sea level over
periods of geologic time. Unfortunately, this is not true hecause of the
mény factors affecting the gea level which are independent of the volume
of water in the ocean basin. However, despite our irabllity to khow
whet the actual time course of .tne filling of the ocean basinsg was,.i.e.,
whether they filled in a single-early event or gradually over a long
period of time, we can be surs that tae Young Earth had some water vapor
in its atmosphere and iiquid water on its surface, In addition to water
vapor, the primitive Farth atmosphere countained hydrogen, methane; and
ammonie. e ' ’

A great advance in our understanding of how life began wae made in
1953 by a student named S. L. Iiller,. He demonstrated that organic com-
pounds identical to those that make up: living systems are synthesized
ver amixture of simple gases is subjected to a spark discharge:. The
significancg of~M1119r's work is that he showed that somé organic compounds
are ulways formed when a gas mixture like the'primitive atmosphere (water
vapor,'ammonia,-methané, and- hydrogen) is subjected to an electrical dis--
charge similar to a lightning discharge. The apparatus with which Miller
made this discovery is shown in Figure 1. In the system methans, water
vapor, emmonia anrd hydrogen circulate past sparking tungsten electrodes,
The water vapor is produced by boiling water in the flask at the lower
left aid the vapor is condensed by.the cooling jacket just below the spark
chamber. The U-tube at the base taps the condensed liquid and promotes “
a clockwise oirculation of the mimture. ‘hen the mixture wae cyocled for °
a week the condonsed liquid became dark red and cloudy. Chemical analysis
of the condensed material showed that a mixture of amino acids and other
organic moleculés ‘had been synthesized.
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Fig. 1.

S. L. Miller's apparatus for producing amino acids under primitive
Earth conditions (redrawn from Miller?. Steam was passed through

a mixture of gaseous methane (CHy), ammonia (NH;), and hydrogen (H,),
and then exposed tn a high-energy electric sparﬁ before being recoﬁ-
densed as water, After a week of opeiation of the apparatus, the
water was found to contain amino acids, the fundamental building
blocks of proteins and organisms. (From A. Lee McAlester.)



Miller'e“woek encouraged oiﬁer scientists to perform sivilar experi-
ments using Qarious gas mixtures and the various energy sour:ies that
could have been present on the primitive Earth. Among energ; 8sources
used to simulate priﬁitlve enargy sources have been ultraviclet light,
high temperature, high pressure, ballistic miseile impact, ¢amma irradia-
tion, sunlight and silent electric discharge. These experinents have
succedad in eyntheeizing all of the constituents of living 5ysteme,

The ribose and deoxyribose sugars which provide the backboﬁe for the
genetic macromoiecqles, RNA and DNA, were first synthesizel in dilute
salt water ind;éeting that the primitive ocean probably played a large
role in the eyhphesie of the original organic material.

:- The intellectual momentum developed by these experimeats has con-
tinued‘right to the present. Frequsntly we read in fhe currsnt scientific
literetura‘that by various ménipulatione of the experimental cenditione
(rapid cyclié heating and cooling, for example) scientiste aro abtle to-
get organic molecules to polymerize into macromoleculee or to get macro-
molecules to aggregate into discrete spheres, Thus the oxigin of =
living system by gradual chemical evolution of a non-livirg system is an
idea whose feasibility has been demonstrated. . ]

It is still difficult to understand how a sslf-replicating organism
evolved from the static organic units that abounded in the primitive ocean.
Many sciontists are proposing ideas to explain this step, cnd we can ex-
pect that experimental evidence will soon be available to indicate how
the traneformation occurred, ‘

The original organiems hnd an abundant 1yod supply ir the watere
from which they arose. The waters of the early lakes and oceans are de=
eoribed ae being a dilute organic soup becauss of the accunulation of
anino aoids, carbohydrates, fats and proteins ovgrpeone of time. As the
primitive organisms consuned the food available in the orgunio soup,
natural selection favored the edibival of organisms that cculd ocarry out
the syathesis of complex molecuiee from simpler molecules. Eventually
the pfoceas we know as photosynthesis arose and ﬁrovided a powerful uurQ
viva) advantage insuring that 1life would survive even after the original
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soup had been consuwcd, Photosynthesis is the process in which light
energy . is ueed by graen plants to synthesize complex molecules from
carbon dioxide and water. Remembor that the process discovered by -
Miller in 1953 was +the eyn*hosin of complex molecules from simple gaues
using ele¢otrical or ultraviolet energy. The evolution of photosynthesis
consisted of a living system developing the ability to carry out'a
"Miller syntheeie" within Jtself in a highly organized and regulated '
nannar, The reaction systonm ehoun in Figure 1 was replaced within the
coll by the chioroolaet With its chlorophyll and enzymes performing the
synthesis in a mamior thousands of timos more efficisnt than Miller's
S&Stbme Tt is inpreeeivo t0 tad;ratond that even a process as complex
as rhotosynthesis ia a 1ogical nod fication of a nrocess that will ocour
in the absenco of living sy Lera. Thie kivd of evidence shows that 1iving
eyeteme, whilo vaetly nore complox than non—l:ving are not fundamontally .
different. Thir idea has been expreseed in moro formal terms in the doc='
tringjof uniformitarianiem.‘ Thie doctrine states that the fundamental’ .’
progertieu of tha un*vereo, such ao the nay matter and ene:gy interact,
have not changed during the evolution of our planet end universe. "The .
fundamenta] charactoristice of he untverse ara independent of time;
therefore. new processea such es life are subject to the sale phyeical and
chemical principles ‘that regulate the non-living world. | !
. Tho atmosphera of the primitivo rartn did not contain oxygen; therec
fore the earliest organism‘. had to obtain enorgy from their food (the
organio soup) by a non-oxygen requiring breakdown of the food material. :*
The release of ocnsrgy from food uithout tho eoneumption of oxygen is
called aneerobic “espi*dtion ‘0% fermentation. iany microorganisme that .
are . alive at tho proeent time are capab‘e of only anaercbi¢ respiration
and, therefore, can oxigt only in environzents ieolated from our current
o;ygen-contnining atn@sphoro.‘ Most organisms, 1ncluding ourselves, ' are
capable of limited 1nnerobic reapiratio but depend on aerobio reepire— ;
tiqn to eupply cnergy. Oul limited anaerobic reapiratory ability can be
viewgd as a biocheuical legacy from the time when life existed in the’
prinitive dnaelobic atmosphere. Ae the organic eoup vas coneumed and i
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selsction favored the survival of pho oeynthotic oroanisme, a global L
change in the chemical makeup of the Earth's atmosphere began to ocour.' o

The photosyntheuic process releasee oxygen as 8 waste product during
the synthesis of new organic materiql 80 that as the carly algse developed
and became the most abundant organisms in the early oceans, the atmospherelﬂ
was enrichedlwith oxygen, ith the accnmulation of photoeynfhetic oxygen-'.
in the atmosnhefe and accnnnlation of food in. the forn of the alsae. the
evolution of animale ntth a2robic rcspiratlon became possible. Aderodbioc
respiration 13 the prozess in which the organic material of fooé is com-
bined with oxyggn.“thereby releasing cnergy, carbon dioxide, and watar.
Since carbon dionido‘is a ran material‘;n prhotoaynthesis and a waefe
product of aorobic reep;ration and‘oxygen ie a waste pfoduct of pnoto-
synthesis and a ran material for aerobic,reepirntion, we can see‘ipat the
two processes goiné on eim“ltaneoualy would establisn and maintain'a
steady state of carbon dioxide and -oxygen in tho Earth'u atmosphere.

From the timo vhen the atmosphere attained its present oxygen con-
centration and eerobic respiration was fully developed to the present
time the baeiolohemistry of liying eyatems has changed vory little and a
phase of strqctural evolution has,takon placae. The molecular biology
of our cells is essentiall& the ééag as the molecular.biology of bacteria
or blue-gfeen algao, but our biocpemical couponants are assesbled in a
vastly more.complex systeu of cell organolles, cells, and organs, A
graphic sunmary of the stages in the do?eiopment of life from non-living
matter is given in Figure 2. - ‘

The Development of Lifu in 4ho Seas

Our ideas about ﬁne oxigin of lifovare based on information from many
eourcee, such as aepronomtcal studies on the atmosphere:: of other planets
and experimental;qhemioal studies waich {ry to simulate conditions on tho
ﬁrimitive Eargn: Thase ecourcoes of information, although variud and soien-
zically aound, arc indirect evidonce and can only suggest the chemical events
that leg tofthe on&g}n of life. There is no diroet or primary'evidenée.of
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vhat happened because the events left no permanent record that we can
recognize, When wc consider the development. of lifo, that is the struc-
tural and morphological evolution of 'life, we have diroct evidence in the
form of fossils preserved in rock. .. '

Precambrian sedimentary rocks younger than 2 billion years contvain
fomsil structures believed to have heen laid down by b]ue-green algae,
the most primitive of the plants living today.. (See the accompanying
geologio timetable for a chronological listing of the periode and organisms
iwportant in each period.) The structures are called etndﬁatolitee and
consist of branched or layered caleium carbon structures. écientieta are
reasonably sure that stromatolites'are fqrmed‘by blue-green algae becauee
identical formations are currently being aepoaited by blus-green algae
in shallow tropical seas. Siromatolites have been found in Precambrian
rocke from many Jocations so we can.infex that dense mats of blue-greasn
algae were widespread in the early Precambrian seas.

The 6nly known Precambrian animal foesils have been diecoveled in
sandstone beds-in the Ediacara Hills .of South Australia. Theee animals,
referred t¢ &s ths Ediacara: fauna,. represent eix different types of |
organisms. and atout 1500 specimens have been collected. The Ediacara
fauna consist of two kinds of organisms which are similar to modern Je11y~
figh and “soft corals, twoekinds which resemble eegmented worme, and two
kinds which do not resemble any known animal either living or extinct.
One of the uhknown animals left a circular, fringed impression with three
bent' afnb extending from a central hub; the other left a kite shaped

impression with a central ridge. All the Ediacara animals are rather iarge
organisms, cne to six inches long; we can easily visualige them in a o

gshallow Precambrian sea creeping over the mud, feeding on dense mats of
blue-green algac. R

The fossil record, while providing documentation of the form and
abundance of past life,-also provides us, with some challenging puzzles.
One of the groeat enigmas is the rslative absence of fossils in sedimentar&
roclzs” of the long Precambrian or. Proterozoic era.l Tha ebeence of foaeila
“Tin the Precambrian is & challenging question because aarly Cambrian rooks
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Weter (HO), "Orgunic soup”

atmospheric Solor radiction of
ammonia (NHs), + and ———— oniino aclds,
ond ehictricol dischoryes nuclele ocids,
methane (CH), corbohydrotes, eic.

Primitive

nonphotosynthetic
orgonisms

{begon about 2.5 biltion yoors ogo}

Photesynthetic plants “e——

(begon ot feast 2 billicn years oge)

Fig. 2. Stages in the developrent of 1ife from nonliving matter.
(From A, Lee McAlester.)

ERIC

Aruitoxt provided by Eic:



. . Sta:ting and .
£ra Period Tern ‘nal Dotes® Events

“Age af mon” Four advnnces of polor ke 1epa-

CENOZOIC rated by mitd interglodial pariodc.

“new life’’ “Age of mammols” Mommols dominont. Insech,
Tertiory o0l Rowering plans, ond birds floyrish, Svhhumon

types evolved, Continving ¢ooling of climo:s.

Quartenary 1 1o now

Marmmeh In oscendancy, Modern insects and Row-
120 1o 60 ering pionts diversify. Glant reptiles eafingt near
end of ero. Rocklesr, Andes, Alps, Himoleyos
MESOZ0IC formed ol en3 of er.
Ydddle life" Age of giant saurlon ruptiles. Firil woody Mowerlog
Juraszic 150 10 120 plonhs. Birds svoivad. Mocera noaveriabrats types
oppeared.

Cretoceous

Reptiles, insects, conifers dominant. First mammals,
Triossic 180 to 150 Ce ntinents bargily emerged,

Extinction of Iitobites and ather aorcholc forms.
Permion 210 1o 180 First conifers. Reptiles ond Irsects In oxcendancy.
Extentive mountaln building ot end of ero.
Giont forn vorests; formation of farge cool beds.
Corboniferous 300 10 210 Seed plonts evoive. Reptiles oppear. First fossH-
Ized insects. Land rises graduolly.
“Age of fishes.” Armored Mshes, sharks dominant.
Amphibluns evolved. Pieridoph fes evolved; first
PALEOZOIC Devonicn 35010 300 ¢y, forauts. Beginning of extensive land emer-
“ancient life' gence. Climotes waem ond mild.
First land plant (bryophytes) and Ant land inverte-
Silurian 380 to 350 brotes. Tiikobites dechine. Fishes in ascendancy.
Seas 1t extemlve.
“Age of invertsbrotes.” Tellobites dominant, coral,
Ordovicion 450 to 380 chombe:ed mollusks Rourish, Finst primitive verie:
brotes. Land surfoce lorgely covered by secs.
Fosslls obundont from here on. Most amimal phyle
Cambrion 550 1o 450 reprssented. Sponges, mofhaks, trilobites Aovrish.

Fosslls rare, bul some evidence of single-ceMad
PROTEROZOIC 550 plent: ond onmols. Thallophytes and mes! lnverte-
“frst life' 00 to brate phylo probebly evolved, Extenstve mountaia
building ot end of ~o.

EO Origin of eorth, Formaton of moon, surth crust,
{‘.RCH . Z0IC " 3000 to Y00 onclent continents, oceans. Origin of kfe probnbly
primitive life late s ora. No fosell.

¢ Read s “millions of years ago."

Table 1. Geolr 1cal time table (Like earth crust, constructed from bottcm
upw. ). {From Paul B, Weisz.)
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contain an extremely diversified assortment of highly advanced marine
animals, The appear&ﬁce of such diverse and complex animals would ceem
to indioéte that these groups must have nad a long period of development
duriqg thé Precambrian. This period of development is missing from the
foasil record; there is no graded series of oganisms leading up to the
oomplex animals that suddonly appsar at the beginning of the Cambrian,

While soientieta studying the history of life are acoustomed to vaying
that animal fossile suddenly became abundant at the start of the Cambrian,
students should be aware that the siatement is aotually backward, The
Cambrisn is a name given to tha time in tho Earth's history when many
fcesils were deposited; the fossils provide benchrarks in tiue for con-
struoting a detailed geologic timotable. The kinds of fossils and the
geologic events, such as mountain building, correlate very well and can
frequently be dated by radioisotope *hore, we have considerable faith
tha{ our geologic time is relatively correci. Jt is important, however,
to remember that the events define time gsequence and not vice versa.

To underatand the significance of the abrupt appearance of abundant
animsal fossils it is necessary to be familiar with groups of animals that
appeared at taat time. Animals are grouved into major subdifisions, each
cglleﬂ a phylun (plurel: phyla); each phylum is considered to bte a basic
dfganisational pattern of 1life. A phylum should be thought of as a basic,
workable 1ife plan on which a nuader of minor variations can te developed.
Some of the phyla yocu imnediately recognice are the vertebrates (fish,
dbirds, namsals -~ 811 ninor veriations of the tasio backbome plan), the
;ithropode (insects, épiders. cradbs), and the worams. Biologinta recog-
nise ghirteon najof phyla; that means scientists agree that there are
thirteon basic life plans existing on Barth right now. Twelre of these
thlrtoon ph,la exiated during Caadbrian times and left a clear record of
their existence in rock. The only phylun vhose presence was not recorded
in the Cambrian rcck ¥as our phyluas, the vertedbrates, or more correctly,
the chordates, vhich appeared 80 million years latér during the Ordoviciaa.
Of the twelve invertedrate phyla we kncw today pal) were present in the
Candbrian, No principal phylum has ever become extinct and no major ine-
vortedbrate phylun has deen added'éince the Camdbrian.
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- It 4s important to emphasize thqt while no phylum hap become ox-
tinet since the Cambrian there has been extensive svolutionary change
within the phyla oubgroups within the phyla die out and are. replgced
by new groups that represent a now variation on the phylum plan. Ex-
“{4notion has. boen more and more complete ldwer in the olussification
hierarchy; no speciea has survived from the Cambrain to the ;reaeqt.

Tho idea of phylum.porsistence and speuios'extinetion can be demoqétratod
¥ith examples from Cambxlnn fosajl beds. Among the marine animals whose
tremains have boen found in a specific Cambrian deposit, the Burgess Shale
of British Colugbia, &re apongos and.jellsfish. Any student would im-
wediately recognize the Burgess Shale.spongo as being a sponge and the
Jellyfish as being a Jellyfish. Thie is one way of saying that the stu~
* dent would recognize the phylum; bdbut the stndent could not recognize the
speoific kind of apong;o. Jellyfish becauee these species have been oro

" tinot for millions ox years.

The Cemdrian sea teemed with marine animals -= the fossil record
contains represontatives of all the principal groups =« dbut vhat of the
marine plants? An earlier lecture in this series (see Chapter 10),
atressed that living organisms are aliiya part of an interlocxingfwob.
or food chain, with photosynthetic plants at tne base of the wéb;' ¥hat
kinds of plants supported the Cambrian food chain? The thres dominant
photosynthetic plants in parina food chains today are diatoams, cocco-
1ithophorids, and dinoflagellates. Each of these groups leaves a dietinot
foasil fqeord. bu not trace of them has been found as far dack as the
Canbrfan; The startling feature 18 that no known planktonid plﬁn& has
- been found ln Canbrian rocks; in fact, diatoms, coccolithophorids, and
dinoflegellates do not appear until ths Jurassic period, O}hgr planktonio
plants that did not contain readily fossilisable hard parts Q@si have bdeen
presert in the early oceans, dbut the nature of these plants ib siaply not
known. Blue-green algae and bdacteria (s¢me of which are photosynthotlo)
have a lbng,Preca-brian recerd and are well represented in Casbrian de-
posita., It seems most likely ;ﬁht the conplex Caadrian ecosystea was
based pril&rily on btlue-green algae that grew on the shallow sea floor.
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_The-patfern df'marine plant evolution contrasts dramstically with
the dovelopment.of marine animala; the first records of the various plant
phyla are spread 6Ver an enormous span of time, from the early Precamdbrian
to the Jurassic. with the curvently important marine plants appearing
last. . The marine aninals all seemed to appear at once in the Camdbrian,
Some spienpistn feel that the sudden appearance of the major invertedbrate
phyla :oprgaente'a single evolutionary expansion; that ie, thar the phyla -
developed morquof loée in one rapid event, It is especially frustrating
that thero_aré no intermediate fossilas betwuen ppyla and no common an-
central groﬁps. udes the uneven and abruptly rich fossil record reflect
the true development and abundance of life in the early seas, or is the
digcontinuity the result of differential fossilization or fossil deatruc-
tion by geologic procesées? These questions are likely to be answered
during your 1ife by further probes irto Earth and out %o ouy neighboréi
in the solar systen.

£ rE XA 2 E R X ERRE

. During the Cambrien the land was barrun, even sterilej no land ani-

- @al or land plant existed and none would appear for 200 nillion years.

The seas, houever. wvould not hava seemed strange to anyono femiliec with
marine biology, bdecause the over-all ecology of the enallow vaters has not
changed froa the dawn of life to the present. The specific Qniﬂale u™e
different, but their way of life is the same. About 60% of all Cambdrian
fosslils are of a group of primitive arthropode called trilodites. fTheae

*. flat eninals apparently cravled along the muddy bottom feeding on other

invertedrates or blue-green algae; they were segnented and had eyes, head,
trunk, and abdomen with numerous undifferentiated jointed legs. Like all
arthropods they molted; the numerous colied shells ray contritute to the

- abundancte of trilobite fossils. While nothing is known about trilodite
ecology, 1 suspect that their way of 1ife was very similar to that of our
common horseshoe orab. Anyone who has e¢en a horseshoe ¢rad dulldosing
along & mud flat at low tide can easily visualige how trilodbites lived,
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Sharing the Cambrian ssas with trilobites were filter feeding clams called
brachiopods, sponges, annelid worms, jellyfishes, and a group of mollusks
that were the forerunners of modern snails.

The avolutionary events that followed the Cambrian are well sum-
rarized in the geologic tiretadlo (Table 1), During the Ordovioian, oo
rarine invertebrates expanded in numbers and %inds, adding many animals
that warine biolegiste knew well. Note that this period is called the e
"Ago of Invertebrates." Among tho animals that evolved were corals,
enails, clams, sea urchins, aﬁd two kinds of predatory animals -- the
chambored nautiloids (aquids with an external ahe)}) and sea scorpions,
Vertobrates first appeared in the late Ordocician in tho form of amored,
Jawlean fishos called agnaths, Lack;ng Jaws their mode of life Qas
probably not much different from most of the invertebrates around them.
It is bveiieved tﬂat thoy fed by snoveling in soft sediments as they moved
slowly along the g%t}om. The egnaths were small, all losa'éhan a foot,
and coverud with dbony piate. Théy were never very abundant, apparently
bocause the vertebrate body plan did not uake a bottonm dwoiling._sedimont 5
eating animal that was a significant improvement ovor the ihveffebrates
already occupying that niche in the Paleozoie seas, The agnaths, vhitke
a small and relatively insignificant gr0up in the aecology of the anoient
seas, ware vory significant in giving rise to jawed fiches called placoderms.
The evolution of'Java allowed the placoderm fish to become active predatore
and to oxploit the excellent neural equipment and fast, agile body that
is inherent in the vertebrate body pran. The design or engineering features
that meke tho vertebrate superior fbr an aciive, predaceous vay of 1life
are {1) voncentration of the controlling mechanism, i.e.,, the brain, into
one froni-<nd location: (2) location of all the sense organs at the front
end naar the drainj (3) location of the important catching mechaniem, 1.6.,
the jaws and teeth, at the front and near the brain and sense organs,

(To realise vhat a new life plan vertedbrate cephalilation [head develop-

ment] was in the ancient sess, one has only to thinl of any invertedrate

plan with uultiple. delocaliged nerve ganglia. eyes, or feeding appendages.)
. KR “f. h .
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"Cephalization is not fhe only advantage the fish bad; the internal,
" flexible structural support supplied by an internal dackbone is mech-

e ' anLcally a batter system than the articulated wxterior skeletons tha%
1nvertebrates have. The new vortebrate predators .‘ere such successful
anlmale that they rapidly expanded in numbers and kinds. In the late
Silurian and Devonian seas tho placoderms radiated into many ways of

" 1ife aund became the dominant brganisms on Earth,

) From the Hevonian fishes the land vertebrates eventually evolved--
firat amphidbians, then the mighty reptiles, then dixds and mammals,
The story of the conquest of land by animals and plants is such a long

ano oouplex story that we cannot develop it in this lecture.

£ BB E R LR REEREEERESR

The attracttvenesa of the marine environment for varioua forns ¢’
life 13 well demonstxated uhen we examine the re-invasion of the sea
by land organinms. It could alwost be considered ironic that after e
long ovolutionary period of land adaptation the veptiles end mamzale
should produce gioups tnat returned to the ocecans. MHowever, the ro-
turning groups were‘ﬂew kinds of organisms with new evolutionary po=-
'iontiale. so that their return to the seu is actually just an expansion
into the sea by a group possessing a new body architecture that "worked"
well on land. While we are not accustomed to thinking of the dinozaur~
as being either smart or agile, we can be a1tain that the giant varive

: teptlles had better brainy ;nd coordination than the fish and sharks
that fnhabited the Mesosoio seas,

, Three dxstinct groups of large reptiles became fully marine and are
vall known froa numerous fossils., Bach group was evolved from a separate
roptilian stock, and therefore. represents an independent rcadaptation
to marine life. The plesiosaurs were huge, up to 50 feat, with a .long
‘neck and tail, a small head and four flippera. They were really very
such like the clessic "dinosaur™ we all know except that they had flippers
instead of legs. Iehth:osqurs vere smaller, up to 12 feet, and rceemblod
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porpoises and dolphins very cuch in body shape. From fossil stomach
contents we know that these reptiles were active predators, feeding on -
fish and cephalopods, A third group of marins reptiles were the mosasaurs,
a lizard-like form that was aleo a large, fish eating prrdator. The
mocasaurs ovolved and became extinct in a briof span during the Cretaceous.
Ichthyosaurs and plesiosaurs first aprear in the fossil record during the
Triassic and both bacame extinct in the late Cretaceous. Boing air
breathers the marine reptilcs were not as completely adapted to the marine
environaent as the fishes or invertebrates, but their superinr neural
and muscular equipment allowed them to compete successfully with the
predatory fish or sharks and to become very abundant in lesozoie sess.

There ie no convincing explanatioh.of why the three groups of marine
reptiles all became extinct in the late Cretaceous at approximately ths
sane time as the large land dinosaurs. A changing climate and competition
from the emerging land mammala are often considered to be factors releted
to the mass extinotions of thLo large land reoptiles. These factors would
not have greatly affeoted the marine reptiles, so their extinotion is
especially puesling. Another confusing factor is that while tha reptile
die-off was occurring, no great changes were happening to the flsh ahd
shakk groups living with the reptileas. There was some extinotion and re-
placement going on, but the wain fish families that becawe e~tadlished
in the Cretaceous have survived to the present.

¥eo should notc that each of the surviving gmups of reptiles ==
snakes, turtles, and lisards -- has representatives that live in the sea,
although they are insignifficant in nuabers and kind when coampared to the
oxtincet large marine reptiles. . Some of the nodern marine reptiles, such
as cortain seasnakas, are totally marine. living only in the open seaj
but the other groups all have to return to iand to reproduce.

The manmnals xere extrenely successful on land at the beginning of
the Cenotoic era; they radiated in many groups and coapletely occupied
the zany niches left vacani by the extinction of the reptiles: The
mammalian invasion of the sea was extreaely successful and led to the group
called cotaceant, which includes the whales, dolphins, and porpoises. As

-~ ’.
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you know these animals are totally marine, living their entire life at
gea. ‘inich mammal group thoy evolved from is rot known. Cetqcean fossils
are known from the beginning of the ©Gsnozoic sra, but even the earliest
fossils already possess the highly wodified structure that is charaoter;:
istic of cetaceans. ‘Mat is clear from ths fossil record and our modern
observations is that the cetaceans have teen extremaly successful in
ocoupying the niches left vacant by extinct marine repfiles and expanding
into new marine niches as the filter feeding baleen whales have done.

The cetaceans have evolved into the biggest and fastest growing animals
ever to hiave lived on Earth and also some of the most intelligent animals.
Two other groups of mammale have a).so 1nvaded the sea, but their
aedaptation to marine life is consideradly leas complete than the cetaceana.,
The very rare msnatec is a rarine offshoot of the elephant group. While
these large herbivorea never leave water, they live only in very shallow
vater, usually in rivers. Man has decimated manatee porulations through=-

out the world and it is doudtful if the group will survive. but if man
had not arrived or the scene, the manatees might have tecome consideradbly
more important elemenis in the marine systen. fﬁg moat recent and least
nodified mapwals to colonize the sea aro the sealu; sea lions, and
valruses., These &ninals, derived from the order Carnivora, repraesent a
_third and completely inaependent evolutionary expansion into the asrine
environment. The seals and their eelatives still must return to land to
reproduce; therefore, perhaps it is bdest to consider them as & group etill
in the process of invading the sea. S3ome of the evolutionary difficultiea
of expanding into a way of life that is already occupied dy very success~
ful aninale is demonstrated-Ly sea lion - killer vhale intoraction. The
30a livns rance far to sea when feeding, but their only defense against

. deing eaten by killer whales is to climb out of the vater onto rocka. The
possidility of evolutionary radiation into.a totally marine way of 1ifse

by sea lions is actually prevented becauae.iheyiﬂhgor and more eificlent
killer vhales have filled that way of iife.
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.nanfé modest otmempts ot marine colonization are not an evolutionof&>?1
phenomenon, buf'it is no coincidenéo that man, like the reptiles ard '
mammals before him. is considering expanding into the sea. The ocean offers
man and civilization the sane thirg that it offered to the reptiles and early

mammalsz a new and alien environment te exparnd into and 0cCupy.
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Strings of shells suspended from tofis metbod in Hirosk.no Hotbor, The sirings ure
for the collection of seed oysters shows polled up on the toll most of the ship
the Joponass Ihee-dimensionol ond deposited on dechk.

Aquaculture, its Status and



by ). H. RYTHER
ond G. C. MATTHIESSEN

(L .

“;Aw-'f-,’:;,- ne, 'NCREASING public awareness of the dv‘mop::y
between projected world populations ond world food supply

hos coused much speculotion regording the polentiol

food sources of the sea. Some fishery experfs

feel thot future seofood production connol exce.d

greotly tho current annvol level of fifiy to sixly million

metric tons. Others, on theoretical grounds,

envision a possible yield of two billion melric tons

ot more. Such diversity of opinion shows thot it is dificult

lo estimate the se0s’ polenticl food resovrces with

any cedainly ond weokens the ossumplion, held by some,

thal the solution fo the world food problem lies

in the onen oceon,

THERB Is mote zeneral agreement
about the potential productivity of the
inshore eavitonment - the coastal watets -
largely because their ability to uce
significant quantities of peotein foods in
areas of limited sie has been demonstrated
clearly in many 'pam of the world. The
yield in tetms of kilograms (2.2 pounds)
ol edible snimal protein per hectare
(2.5 acres) per year from many bays
and estuaries, with no assistance from
man, far exceeds average devels of produc-
tion from the oft-shore ﬁshin% grounds
and is compatable to yiels obtained from
fitel rate pasture land. Where man has
deliberately intervered and applied cectain

[ ]

POtentlal principies of hubandry to the marine
eavironment, difference in production de-
tween sgriculturs] land, the off-shore fish-
ing grounds, and inshore coastal waters is
enotmous, &s the following figutes thow:
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Annual Yield

Area Product
Pastureland Catde
Continental Shelf Groundfish
Humboldt Current Anchovies
Japan Oysters
Spain Mussels

1Not inclading weight of shell

Poimds/Acre K‘ml
5-250 6-308
20-60 25-15

300 375
46,000 57,500
240,000 300,000

This toble shows cleorly thot the culturing of shelifish provides an enormous yield, os
compored to posturelond ond offshore “hunling” methods of fishing.

Such figures are used to illustrate the
potential role of aquaculture in alleviating
the world's nutritional prodlem, particu-
larly in the developing countries. To put
this subject in proper petspective, we shall
discuss the reasons for the extraordinary
yields cited above; the various constraints
upon the development of aquaculture; and
the possible developments that mav result
ln] mote eflective methods of seafooed
culture.

Production in Aquatic Areas

The figures shown for mussel and oyster
production apply to nlaliw&:mall aress,
supplied by the action of tides with
large volumes of water. In addition, the
sheilfish are suspended vertically in the
water column, sometimes to a depth of
30 meters, irom surface rafis ot othe
devices. Consequently, even though the
actual surface area under culture is tathet
small, the volume of water ccntinually
available 10 the species being cultuted is
enotmous, and the ateal yield Is decep-
tively large.

The sedentary, bivalve mollusks sweh
ae oysters and mussels expend compara.
tively little enezgy to oblain food, which is
brought to them by tidal currents. There-
fote, & highet percentage of food consumed
fs converted into flesh than might be the
case fot animals that must actively putsue
theit food. Alsy, no enetgy need de
espended to maintain a constant body
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temperature, an advantage not enjoyvd by
terrestrial livestock. Fish have a further
advaniage over livestock since, due to the
buoyant effect of water, they do not require
heavy skeletal structures. Therefore, a
higher percentage of total weight is in fiesh
tather than in bone,

‘The amount of pariiculste matter — in
the forin of micto-organisms and detritus
— s far greater in the inshore environ-
ment than in the ope s ocean. This material
constitutes an impottant source of food for
many species that are being cultured. In
fact, the great majority of aquatic ani.nals
selected for intensive culture are herbivor-
ous dutig part or all of their life cycle.
Thetefore, if a ford conversion cfficiency
of 10 per cent is assimed, 100 kilograms
of microscopic plants (phytoplankion)
might produce 10 kilograms of mussels —
the herbivore — but only one kilogram of
cod — the primary carnivote — and pet-
haps only one-tenth ol a kilogram ol
swordfish, the secondary catnivote,

Aquacultute by derinition implies a
certain degree of control over, of manipu-
lation of, the otganisms and/ot its environ-
ment. The cultured species is not fugitive
and hunted at random, but it in fact
thotoughly and efficiently harvested. Usu-
ally centsin techniques ate employed to
improve chances of survival of the young,
reduce natural predation, avoid disease, in
shott, to increase the likelihood of sutvival
from fertilized egg o maturity.
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A modern mussel culture raft near
Yigo, Spain. One thousand ropes, each

These are perhaps the major reasons why
levels of food production by aquaculture
are impressive. Figures as those shown
on page 4, incvitably are applied to much
larger areas, with dramatic—albeit unreal-
istic—results. It has been calculated, for
example, that the total annual seafood
production of the United States could be
doubled, if one-third the total of Puget
Sound was devoted to oyster culture by
Japanese, e.g., three-dimensional, me-
thods. Such extrapolations are sufficiently
valid on a theoretical basis to arouse the
curiosity, if not excitement, of these con-
cerned with world food needs. But such
estimates cannot be accepted as realistic
because there are various constraints upon
aquaculture.

Constraints upon Aquaculture

Food production by aquaculture requires
both technical proficiency and incentive.
Japan, combining technical skills with an
awareness that a greal percentage of her
protein foods must come from the sea, has
made unquestionably the most sigrificant
advances in this field. The sociological
and legal climate is, of necessity, favorable,
and Jepan regards food production as
the primary function of ker coastal waters.

The United States, despite her technical
compctence, has not placed much em-
hasis upon aquaculture, largely due to
ack of incentive. With abundant sources
of protein foods available from the land,
and with lethargic public demand for sea-
foods other than luxury items, such as
oysters, shrirap, lobsters, etc., interest in

ten mefers long, are suspended from the rofl.
Annva! production is 60 tons of mussel meal.

DR. RYTHER is a Senior Scientist and
Chairman of the Depariment of Biology.

DR. MATTHIESSEN is a shellfish biolo-
gist with over 10 years of experience who
joined the Institution staff in the fall of
1968 as Research Specialist.

aquaculture from either the nutritional or
econoiric standpoints is limited. Quite
recently, and because of increasing public
demand for luxury seafoods, certain pri-
vate interests have started aquacultural
enterprises with anticipation of eventual
profit. Others have done so because tra-
ditional methods of production have failed
and certain culture practices have become
necessary. By and large, however, the
incentive to farm, rather than hunt, sea-
food has been lacking.

Lack of economic incentive is not the
only reason why aquaculture has been slow
in developing. Fishery resources h: 7e long
been regarded as common property, and the
coastal waters as public domain. Private
eflorts to assert exclusive rights to caastal
waters for aquacultural purposes are fre-
quently thwarted by local statutes rein-
forced by public resentment. (It might be
noted that conflict between public rights
and private interests with regard to seafood
culture is no less real in lreland or the
Hawaiian Islands, for example, than it is
in New England). Ironically, where private
ownership and responsibility is practiced
—as on certain oyster beds in the Chesa-
peake Bay—the yield is incomparably
greater than that derived from public
grounds, for obvious reasons.
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in Kessenuma Harbor, Japon, more than
5,000 oyster rofts cover some
thirly squore kilometers. It is obvious

Projects invoiving use of coastal areas
for aquaculture if not prevented by statute,
may be frustrated by competitive interests.
At best, such interests may involve recrea-
tional activities—boating, water skiing,
etc.—that exert ever-increasing demand
upon water space. At worst, they involve
the transforming of bays and estuaries into
convenient receptacles for jindustrial and
domestic wastes. The potential value of
such areas for food production is subsidi-
ary to other, more immediate, economic
considerations.

Such constraints are economic, social or
legal in nature. In areas of the world where
the need for protein foods is critical, the
equipment necessary to implement aqua-
culture—capital and trained personnel—
may be the limiting factor. In these situa-
tions, culture.is limited to species that
produce the maximum amount of food
with minimum expense and sophistication
of method. Through technical assistance,
it should be possible to reach much higher
levels of production, not only for species
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tha! such use of U.S. coastal waters would
be objectionable to watersports’ inferests.

that are being cultured now, but possibly
for exotic species as well, However, certain
of the technical problems are formidable.

Problems in Culturing

In the case of bivalve mollusks of com-
mercial importance, much has been learned
about methods of culture. These animals
are attractive for intensive culture since
they are herbivorous, sedentary, highly pro-
lific, of considerable nutritional value, and
frequentiy command a high macket price.
Largely as a counter-measure to failure
in natural reproduction, oyster and clam
“hatcheries” have in fact been established
in Europe, Japan, and the United States
for purposes of producing large quantities
of seed sheilfish, In oyster hatcheries,
adults are sexually matured by appropriate
temperature manipulation, and then in-
duced to spawn by chemical or thermal
excitation, The larvae are reared on a diet
of cultured phytoplankton, in tanis in
which the water is pre-warmed, pre-filtered
and changed daily. After the larvae meta-
morphose, the tiny juveniles, now attached
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to shell, are conditioned to the natural en-
vironment by exposure to appropriate
water temperatures and eventually trans-
ferred to the oyster beds, where, it is
hoped, they will mature to murketable
size. Some of the hatcheries in New Eng-
land may f.oduce several hundred million
juvenile oysters each year.

Commercial hatcheries have not been
in operation long enough to allow a
realistic evaluation of their economic
merits. The available evidence indicates
a high mortality rate among the juveniles
on the natural beds. In Long Istand Sound,
oft New York, where most of the hatchcry
produced oysters are set out, the loss is
primarily due to natural predaticn—Dby
starfish and oyster drills—and <smothering
of the oysters by siitation. The important
point is that once the oysters are exposed
to the na.aral environment, the oyster
culturist has lost a large dzgree of control.

The loss from bottom-crawling preda-
tors and siltation might well be avoided
by adopting Japanese methods. Raft
culure ﬁas not been considered practical
in Long Island Sound, because of boai
traffic and pollution in the sheltered coves,
and because of adverse weather conditions
in exposed areas. Labor costs for assem-
bling oyster strings and constructing and
maintaining rafts must also be considered.
(In Japan, the value of the eventual harvest
outweighs the comparatively Jow labor
costs).

A superficially attractive alternative
would be to culture oysters in ponds or
excavated pools protected from the sea,
in which a maximum amount of biological
control might be applied. Unfortunately,
to grow well an oyster nceds either huge
volumes of water, continuously replaced
to keep up the supply of natural planktonic
food, or else large amounts of algaec must
be culturea as supplementary food. So far,
neither alternative is economically justified,

In the case, then, of oysters and other
shellfish, the problem is not one of provid-
ing enough off-spring, but rather that of
rearing the juveniles to marketable size
with minimum loss and at reasonable cost.
Precisely the opposite problem exists in
the case of the milkfish, a species cultured
fn brackish-water ponds in many parts

189

of Southeast Asia. In certain areas, over
one thousand kilograms of milkfish may be
harvested from a single hectare of pond
each year, and large tracts of mangrove
swary have been developed for this

purpose.
Milkfish

The milkiish spawns at sea, and the fry
are gathered by nets when they move in-
shore. They are stocked in shallow ponds,
to which fertilizer may have been added
to stimulate prowth of algae, bacteria and
various protozoa. The milkfish thrives in
these enclosed areas, feeds readily upon
the algal mats—known as *‘lab-lab”—and
may exceed 0.5 kg. in weight in less
than one year. Because it is herbivorous,
a rapid grower, fleshy, and tolerant of the
crowded conditions in shallow, stagrant
ponds, it is 1n many respects an ideal
species for intensive culture.

The major limitation upon milkfish
culture is that it is difficult to catch fry
consistenily, due to unpredictable fluctua-
tions in abundance. To date, efforts to
stimulate reproduction in captivity have
failed. It might be noted that certain
species of mullet—also a brackish-water
fish that normally spawns at sea—have
been induced to spawn by injecting the
adult with pituitary hormones. This tech-
nique might be applied successfully to
nidlkfish, but it should be remembered also
that as is true of mullet, it may be difficult
to supply appropriate food for the larval

il

A somewhat different problem occurs
in the rearing of plaice and sole in hatcher-
ies o the Isle of Man. Adults of these
species are held in special spawning tanks,
and the feriitized eggs are readily obtained.
The resulting larvae are reared through
metamorphosis, eventually settle to the
bottom, and may mature to market size in
densely stocked pools. It has been esti-
mated that the entire annual catch in Great
Britain could be cultured in shallow ponds
ccvering an area of only one and a quarter
square miles.

Unfortunately, these fish are carnivor-
ous. Before the larvae metamorphose and
settle to the bottom, they consume large
quantities of small crustaceans which, for
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Aquaculivre —

hatchery purposes, must be carefully cul-
tured. To be economically profitable,
hatchery must produce fish in large vol-
ume, which in turn implies an abundant,
readily available suEply of food. If the
cost of food, plus the expenses involved
in maintaining a clean and healthy environ-
ment in the rearing tanks, approaches the
evenitwal market value of the fish—as it
does in this case—then the economic jus-
tification of the operation js questionable.
It might be proposed that attempts to
culture carnivorous species are unrealistic,
and that emphasis should be placed upon
herbivorous species. However, the herbi-
vorous mollusks appear to be so selective
as to the type of algae they will assimilate
that providing large volumes of suitable
food involves a considerable investment.

Lobsters

Because of its high market value, and
because it feeds readily in captivity upon
fish scraps, shellfish and other types of
food that need not be cultured, the lobster
has excited the interest of prospective sea-
farmers. Adult lobsters have been suc-
cessfully mated at the Massachusetts State
Lobster Hatchery on Martha's Vineyard,
and the resulting larvae reared through
metamorphosis. Juvenile lobsters have
been reared to marketable size in this
hatchery.

However, even if it were economically
feasible to feed large quantities of lobsters
on such foods, the culturist would be faced
withapossibly more serious problem: canni-
balism. Lobster are particulzrly vulnerable
to other lobsters immediately after molting
before their shell has hardened. There-
fore, they should be held in isolation as
much as possible. .n view of the extensive

riod of time required for a newly-hatched
obster to attain marketable size—under
normal New England water temperature
conditions, this is estimated to be five years
—the idea of feeding and maintaining
large numbers of lobsters in separate com-
partmients, in a manner somewhat similar
to modern poultry farming, appears some-
what impractical at present,

The problem of cannibalism also occurs
in the culture of certain species of shrimp
and prawns. However, the major difficulty,
and one that appears so frequently in
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various aquacultural endeavors, is that of
providing snfticient amounts of suitable
food at realistic cost. In Japan, where
shrimp culture is most advanced, larval
shrimp are obtained from egg-bearing
females captured in the sea. These larvae
initially are fed cultured algae and, at sub-
sequent stages of development, small
crustaceans (which also must be cultured),
After a period of twelve days or so, the
larvae metamorphose into the adult form,
and a diet of fish scraps or ground clams
is provided.

The ccst of rearing shrimp in such
fashion—not to mention the expense of
maintaining the culture pools free of para-
sites and discase—would seem prohibitive,
Jt is profitable in Japan because labor costs
are relatively low and becauss there is
such a high demand for shrimp, that the
price is high, even by U.S. standards.

An interesting variation on the problems
of shrimp culture involves the giant prawn,
common in brackish and fresh water ponds
throughout Southeast Asia. One particular
species may exceed 0.15 kg. in weight,
and the market value makes it desirable
for culture. Investigators in Havraii have
cultured this species through its larval
and post-larval stages, despite its com-
plex feeding habits, and have released
the juveniles in ponds from which it was
intended they would eventually be har-
vested. At this point, however, the elusive
prawn has refused to cooperate and hac
successfully defied all eflorts — by tiap,
seine, or other device-—to effect its captute.

Synthetic Food

With few exceptions, the major techni-
cal problems associated with aquaculture
appear to be resolvable if sufficient time,
scientific talent and capitat are invested.
Although it is a highly diversified enter-
prise with respect to the species cultured,
geographic location, methodology, and
even motivation, the major problems—
reproduction and nutrition—appear to be
common throughout, At this point, it
would seem likely that development of an
appropriate, possibly syathesized, Jood for
shritup might have immediate and bene-
ficial application to, for example, plaice
culture on the Isle of Man, or lobster
culture in Massachusetts,



An artificial pond used for shrimp culture The heavy feeding of the shrimp and
in Japan is aerated by an

elecirically driven paddie wheel.

Six million juvenile
shrimp can be raised
each month in these
heated ceramic tanks at
Takamatsu, Japan.

Shrimps ore raised to adull size in these 100 x 10 meters. Some 80,000 liters of
ovdoor fanks ot Takamatsu. The tanks are

water per hour is pumped through the fanks.
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The Future of Aquaculture

The ultimate usefulness of aquaculture
will depend to a large extent upon our
ability to reduce cost of production, an
achievement so clearly demonstrated by
the pouitry indusiry. Modern poultry
Eroduction hias been the result of the com-

ined efforts of nutritionists, gencicists,
pathologists, engineers, and representa-
tives of other scientific disciplines, and the
development of aquacultute as an efficient
method of producing food will require an
equivalent combination of talents.

Perhaps the most significant accom-
plishment would be the development of
artificial, as opposed to natural, foods for
various species. Just as chickens, and even
trout and catfisn, are fed pellets containing
the necessary biochemical ingredients—
emino acids, minerals, vitamins, etc.—it
should be possible eventually to synthesize
nutritious diets for shrimp, bivalve mol-
lusks and other forms. Some progress in
this regard has been reported, but in gen-
eral the marine aquaculturist must accept
the fact that, in order to raise one species,
he must also culture one or several more
species as food.

Eventually it may be possible to raise
largc quantities of algae, of a suitable
variety, at costs that are not prohibitive.
Certain green algae, such as Chloretla and
Scenedesmus, are being cultured in sewage
treatment processes in considerable vol-
ume—40,000 to 60,000 kg. of algae (dry
weight) per hectare of pond surface area
per year—and with a high protein and
vitamin yield. The dried algae has been
incorporated in livestock food with bene-
ficial results. Similar techniques might be
employed to culture forms more useful for
aquaculture, and simultansously, help re-
lieve the increasing problem of sewage
treatment and disposal.

Genetics

Genetics already has played a prominent
role in fresh water fish culture, notably in
the hatchery production of salmon and
trout. In the Pacific Northwest, salmon
and trout parent stock are bred selectively
to produce offspring with superior quali-
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ties, e.g., rate of growth, hardiness, fecun-
dity, etc. There would seem to be little
reason why selective breeding might not be
applied profitably to a wide variety of
species, including lobsters, oysters, and
various fin fish.

The rapid development of electric gen-
erating plants along the coastlines may
also be of benefit to aquaculture, at least
in temperature latitudes and if properly
managed. For many species occurring in
temperate waters, growth is possible only
during the warmer months oFt)he year. It
might, therefore, be economically advan-
tageous *o establish culiure operations in
the vicinity of generating plants, where
seawater used for coolini condensers is
continually discharged at higher tempera-
tures. Use of cooling water would seem
to be particularly appropriate for shellfish
hatcheries, which require large volunies
of warm seawater daily for the rearing of
larvac and juveniles.

Hunger Problem

Despite such developments, it is unreal-
istic at present to assume that the worid’s
nutritional problems will be resolved by
aquaculture. Today, only 3 per cent of the
world’s food production is derived from
the sea, If, as seems unlikely, this amount
was doubled during the next decade as
a result of intensive aquaculture, the over-
all impact upon total food supply would
not be impressive. Already more than
60 per cent of the people in underdevel-
oped areas, which comprise two-thirds of
the world’s population, suffer from under-
nutrition, malnutrition, or both; yet, as
certain social scientists point out, the
technical competence for fully exploiting
aquatic food resources in these areas can-
not be developed fast enough to avoid
famine.

On the other hand, famine might at
least be alleviated through aquaculture,
even by applying techniques currently in

~use. The Food and: Agricultural Organ-

ization of the United Nations has estimated
that there are now 37 million hectares
{92 million acres) of swamp and aquatic
areas avaijlable for fish culture in South
and Eas. Asia. If this entire area was
developed for the culture of milkfish at

{continved on poge 14)
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Mussel culture on poles (bouchols) near

St. Molo, Britanny. The method was
discovered accidently in A.D, 1235 by o
shipwrecked Irishman, Wolton, who tried to
snore seobirds on crude nels

set between poles on the mud fats.
Young mussels setiled on the woven nels,

Today, ropes on which young mussels hove
sef, are wound spiroily around the pofes.

Adult mussels ready for harvesting on the
poles of Brilanny. The extreme ranges

fn tide in the orea

ease the harvesting problem,
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A string of scallop shells separated
by bamboo spreaders for the collection
of seed oysters at Hiroshima Bay.

Arronged neolly in o rock

these European flo! oyster are grown sus-
pended from bamboo rofls in

Kessenuma Boy,

low tide in Georges River, Now South !
otfached to tarred waooden sticks.

A red algoe (Porphyra) culture in the Inland Seo of J.
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An impressive pile of shells represens
one month of oysict shucking of a Hiroshima
Bay establishment with thirty rafts.

Abalone also are cultured in the Japanese
. raft system. They are suspended from
WNoles, Australia, shows young oysters the P{”e’ in ploysh'c con!giners.

WOLF

opan. Japanese consider Porphyra cakes a delicacy.
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Aquoculture —

levels of intensity approximating those
achieved routinely in Taiwan, i.e., 1000 -
1500 kilograms of fish produced per hec-
tare per year, the resulting yield would
exceed 30 million metric tons of high
quality protein food peorjear, or more than
half the total world production of seafood.
Clearly such a contribution would not
erase world hunger, but it could avert
famine for many in a part of the world
where, as is also true of Africa and Latin
America, malnutrition is chronic.

Agquaculture should also be considered
from the point of view of eficient resource
use and future resource management. [t
has been estimated, for example, that algae
may be cultured, on sewage, so intersively
as to yield 20,000 kg. (10 tons, dry weight)
of digestibe protein per hectare of pond
per year, or roughly ten to fiftecn times as
much protein as a hectare of land planted
with soybeans, and 25 to 50 times as much
as one planted with corn. Similarly, while
an average hectare of pastureland pro-
duces 150 kg. of beef (on the hoof) each
year, production of trout, reared in flowing
waler, has exceed 1.5 million kF. per hec-
tare per year. Clearly aquaculture, as a
means of producing food, makes compara-
tively small demands upon space.

Possibly more relevant with respect to
resource use are the comparative demands
upon fresh water by terrestrial agriculture
and aquaculture. Soybeans and wheat
reportedly yield only 230 and 46 kg. (500
and 100 1bs.) of protein respectively, for
every acre-foot otIJ fresh water consumed,
whereas, 2,300 kg. of algal protein are
produced per acre-foot. It has been esti-
mated that one kg. of beef has required
66,000 to 132,000 kg. of watsr in its pro-
duction, if the amount of water necessary
for producing the food consumed and the
amount taken directly by the animal are
included. This is in striking contrast with
seafood production, which is essentially
aon-competitive for our fresh water re-
sources.

Within the next twenty years, the world's
population may double. This implies that,
in order to maintain present living condi-
tions and yet satisfy demands for habita-
tion, industry, recreation, agriculture, and
refuse disposal, twice the amount of space
and fresh water will soon be required.
Aquaculture will not resolve this problem
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any more than it will resolve the problem
of human nutrition, but it suggests an
approach to resource use that is efficient,
beneficial, and possibly necessary.

New Program

T Woods Hole we are developing a
program in aquaculture with a dual ap-
proach: to study the basic environmental
requirements nf soms marine animals of
existing or potential importance 10 man-
kind, and to apply the obtained results of
the basic biological principles involved to
the intensive and controlled culture of
such animals. In a sense, such a program
will merely be an extension of current
research on the biology of marine organ-
isms, Still, it represents a departure fromn
purely basic research in that emphasis will
be placed upon species of economic im-
portance, and upon culture techniques
which ma?' lead to economicall vi:ble.
and socially desirable methods of produc-
ing food.

This program will include basic biologi-
cal research related directly to aquaculture;
investigations of the possible application of
environmental modifications to aquacul-
ture, such as domestic pollution, thermal
pollution, etc. and technical and economic
studies on the production of commercially
desirable species on a pilot scale. The
ultimate objective is to establish basic
principles cf aquaculture that may be
applied to a wide range of species in
diversified areas and environments. When
we obtain vseful information regarding the
culture of specific organisms, this will be
made available to others involved in aqua-
culture in any part of the world.

We have suggested carlier that to assume
that aquaculture is an obvious answer to
the world food problem is unrealistic. A
noted U.S. expert on fisheries has stated:
“As a panacea for relieving protein short-
age in latitudes and societies such as ours,
mariculture is nonsense!” Possibly this is
true. On the other hand, there is now
sufficient factual evidence to encourage, if
not demand, a concerted exploration of
aquaculture’s potential and to apply these
findings as rapidly as possible in “latitudes
and societies” not necessarily ours,

ALL PHOTOS IN THIS ARTICLE WERE BY DR.
RYTHER, UNLESS OTHERWISE NOTED.
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APPENDIX
Supplementary: Films

General oceanngraphy:

Challenge of the QOceans: Oceanography. MHcGraw-Hill-Text Filas, 16 ma.,
27 min., sound, color, 1961, BU1

Reep Frontiex, McGraw-Hill Text-Filns, 16 om., 16 ain., sound track on
a racord, colox. .

Ihe Barth: Its Oceans. Coronet Films., 16 mm., 14 nin,, sound, dblack and

[ = W= e~

.. white, 1960, BU

Edstory of the U. §. Navy Hydrographic Office. U. S. Navy., 16 ma., 16 ain,,
sound, color. {Order No. FN-8200.)

Pisaion Oceanography. - U. S. Navy, 16 om., 29 min., squna! color. (Onder
No. MN-10145,.) A 15 minute version (Order No. HN-1014SA).ie also

avaflable.

s

Science of sthe Sea. Internaticnol Film hureau.. 16 aa., 19 zin., sound,
color, 1958, BU

Biology!

Adaptstion 1o a Marips Bnvipehpent. McOrav-Rill Text-Filme., 16 ma,,
19 ain., sound, color.

‘Fil-a available for rent from the Abraham Krasker MNemorial Fila Lidrary,

Boston University,

199



Bipd Wing Adaptations. International Film Bureau. 16 mm., 17 min.,
sound, color, 1964, BU

Birde that Eat Fish. International Film Bureau. 16 mm., 6 ain., sound,
color, 1952. BU

Classifying Plants and Animels, Coron.t Filws. 16 mm., 11 min., sound,
color, 1961. BU a o

The Colourful Cuttle. International Film Bureau, 16 mm., 14 min., sound,
color, 1962, BU '

The Crayfish. NcGraw-Hill Text-Films, 16 mm., 15 ain., sound, color,
1966, BU ’

Crustaceans: Lobeters, Barnacles, Shrimps and Iheir Relatives. - Enoyelopedia
Britannica Fidas. 16 ma., 14 ain,, sound, color or black and white,

1955, BU

Echinoderms: Ssa Stars and Their Relatives. Encyclopedis Britsnnica
Filﬂs. 16 )~ T 17 lin-; soundp c°1°r. 19620 BU

The First Many-Cslled Animslss The Sponges. Encyclopedia Briia;xmtca Filma,
16 na,, 17 nin., sound, color, 1962, BV

2he Invertebrates. Coronet Films., 16 sa,, 14 min, sound, color, 1962. BU

The Life Cycle. 1Indiana University. 16 ma., 29 ain., sound, btla‘ck and
vhite, 1958. (Survival in the Sea Series.) BY

Life on the Coral Reef. Iniiana University. 16 mm., 29 min., sound, dlack
and wvhite, 1958. (Su::vi_nl in the Sea Series.) BU '
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The Marine Biologist. Enocyclopedia Britannica Films. 16 mm., 14 mins)
sound, color, 1963, BU

L

. - - ..

Marine Ecology. HcOrew-Hill Text-Films.. 16 mp., 28 min., sound, Golori

Marshlend Is Not Westeland. U. S. Department of the Interior, Bureau of
Sport Fisheries and Wildlife. 16 mm., 16 min., sound, color, 1983, BU

Holluske: Snaiie, Muesels, Oysters, Octopuses and Their Relatives.
Encyolopedia Britannica Films. 16 mm., 14 w’n., sound, color or
black and white, 1955. BU

Hysteries o the Desp. Walt Disncy Productiane. 16 wm., 28 min., sound,
color, 1961, (True life Adventure Nature Series.) BU

Noley Underwater ¥or)d of ihe ¥eldell Seal: Sterling Educational Films,

‘6 nm., 11 min., sound, color.

Oregin of Life:t Chomical Evolution. Bneyclopedia Britennica Films.
16 mm., 2 nin., sound, color. BU

Photosvnthesis. Bnecyclopedia Britannica Films 16 mm,, 21 min,, sound,
" color, 1963. (The Biology Series. Unit 2, Plant Life.) BU

Plankton: Pastures of tne Ocean. Enoyclopedia Britannica Films. 16 aa.,
10 ain,, sound, color, '965. (Basic Life Seience Series. Plant and
Anipal Relationships.) BU

Erotosoa: ' Structures and Life Punctions. Coronet Films. 16 ma.,
16 atn., *slor, sound, 1965, BU

mm. Sncyclopedia Britannica Filas., 16 am., 11 ain,, sourd,
ecLlor. ' '
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Secrets of .the Underwater Worid. Walt Disney Productions: 16 mm.,
16 min,, sound, color, 1961, { The Secrets of Life Series,) BU

Sounds in the Sea. Moody Institute of Science. 16 mm., 15 min., sound,
color, 1954, BU

Sponkes and Coelenterates: Porous and Sac-Like Animals. Ooroﬂet Filma,
16 mm., 1Y nin., fpound, color, 1962, BU

Strange ggr'mergs Sggb;gg;s in the Sea. St;:rnng Movies, 16 ma.,
16 pin., sound, color,

Survival in the Seat The Life Cycle. Indiana Jniversity., 16 znm,,

29 min., sound, color or dlack und wnite,

Mater and Life. Film /Associatés of California. 16 wa., 15 win., sound,
color, 1966, BU : »

Geologyt - | . _ 4 4 . -t

' « 0, i - P
e t . X - . LUDR . - . -

DR LIRS

Ihe Beach, a River of Sand. Encyclopedia Briiénniq:é Filps, 16 ma,,
20 ain., sound, color, 1966, BU . e e P

R T . >
LN S .-

IThe Land Bepeath the Sea. U. S, Navy. 16 nﬁ., 2'5 ain., sound, color,
1967, (Order No, MN-10280,) .
e * P S o ' R

» 0
/

- L

Qceanographyt Science of the §§_g. Fila Associates of L;.uro_rnla.
16 om,, ! ain,, sound, color, 1962, BV

Rocks $hat Forn on $he Farih's Surface. Encyclopedia Britanniva Filss,
16 ©wa., 16 min,, sound, color, 1965. BU

Rocks hat Reveal he Pasl. Film Associates of California., 16 oa.,
12 aia,, sound, color, 1962, ™
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Understanding Qur Eartht Glegciers. Coronet Films. 16 mm., 11 min.,
sound, codor or black and white, 1952, BU

Volcano Surtsey. Capitol Film Laboratories, Inc. 16mm., 30 min,, sound,
colars - '

Yhat's Under the Ocean. Film Associates of Calif“ornia. 16 mm,, 14 min,,
souhd, color, 1960. BU

Ihe Xorld of Jacques Yveg Cougtesu. BEnoyclopedia Britannica Filas,
16 wo., 48 min., sound, color, 1967. BU

<3

Man-in-tbe-sea, submersidles, diving!.

mmmmmmmm. Ue S Navy. 16 m‘.., 27 Diﬁ-. Oound,
color, 1964, (Ouder No, MN=10199,)

Flying at the Botton of the Sea (Submarine Alvin): Indiana University,
16 =m., 30 min., sound, black and white, 1967. BU _

Mm m.tLa_ mo U, S, Nﬂvyo 16 I, ) 26 ﬂintp sound. c°1°r| 19660
(Order No. NN-10314.)

Han An the Seat The Story of Sea Lad Il. U. S. Navy. 16 ma., 28 ain,,
sound, color, 1966, (Order No. MN-1011008.) '

K

Han Invades the Sea. HcOr'aQ-mn Text-Filas, 16 sa,, 28 ain., sound,
black and white, 1966, BU

Selentiet in the Ses. U. S. Navy. 16 ma., 16 ain,, sound, color.
(Order No. MN-10320.) C

fomorroy's ¥orld: Man and the Sea. McOGraw-Hill Text-Films., 16 ma,,
%2 sin., sound, color. BU
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Heteorology:

The Unchained Goddgss. Bell System. 16 z1., 60 min., sound, colors
~ Free on loan.
!;fgpL n tha S S - National Audiovisual Center, 16 wm,, 14 nin.,
‘- sound, black and white.

o I ' choe shoe L R

Oceanic c;rculetion°

Ocean Currents. McGraw-Hill Text-Films. 16 mm., 17 min., sound, color,
1963, (Cenoral Science Film Series.,) BU

,\Lgt_g_; ngg‘éég_g_gmg_c_egg. U. S, Navy. 1€ oo., 45 nin., sound, color.
(Ox‘der No. HN-10064.)

Physical and cheaifcal propériiea of sea watert

The Nature of Sea ¥a Water. U. S. Navy. 16 am,) 29 mdn., sound, color,.....-..
1967. (Order No. HN-IO}l?.)

Sea icot |
¢+ s 2.

Time lapse Sivdy of Antarctic Kce Flooe and Tidsl Currents. U. 8. Navy,
16 pa., 26 nin., sound, color. (Order No. MN-10152,)

Tidesn:

Qceen Tidea: Bay of Fundy. Encyclopedia Britannica Filas, 16 sa.,
14 nin., sound, black and white, 1957, BU

VLA eeke et e T

A s

2For a listing of other films that are available free of charge seel

Mary Horkheimer Saterstrom, editor. Educators' Guide to Free Science
Matsrials. Randolph, Wisconsin: Educators' Progress Service, Inc,
’8!500 P\lblished mu&lly.
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Tides of the Oceant Mhat Theyv Axe and How the Sun and Moon Cause Them..
Academy Films., 16 mm., 17 min., sound, color, 1964: BU

Miacellaneous:

Frames of Reference. Modern Learning Aids. 16 mn,, 30 min., sound,
black end white.

Myth, Superstition ard Science: Internationsl Film Bureaus 16 mam.,
13 min., sound, color; 1960, BU

Moy Bogland Fichorman, 2nd edition. Encyciopedia Britaannica Films.
16 ok, , i" un.’ Bound, color. BU




Distributors' Addresses

Abrahan Krasker Memorial
Film LiLrary
Boston University, School of
Education
765 Comzonwealth Averue
Bosten, Maasachusctts 02215

Acadeny Filns
748 North Soward Street
Hollywood, California 90038

Bell Systen

Films available from your
local Bell Syctem represontative
or affiliated coapany.

Capitol Film Laboratories, Inc.
1905 Fairv.ew Avenue, N. E.
¥Washington, D. C. 20002

Committee o¢n Oceanography

National Acadeay of Sciencec-
National Research Couneil

2101 Constitution Avenue, N, i,

¥ashington, D. C, 20418
Address inquiries to

Nr. Richard C. Vetter

Coronct Films
65 B. South Water Sircet
Chicago, Illinois I0C2:

Encyclopedia Britannica Films
1150 Viluette Avenue
Wilmette, Illinois 60091

Indiana University
Audio-Visual Center
Bloomington, Indiana 47405

International Film Bureau
3%2 S, Michigan Avenue
Chicago, Illinois 60604

Film Associates of Californja
11014 Santa Monica Boulevard
Lost Angeles, California 90025

MeGraw-Hill Text-Films
330 West 42nd Street
New York, New York 10018

Modern Learning Aids
16 Spear Street
San Franciaco, California 94105

Hoody Institute of Science
Educaticn Fila Division

12000 B. Yashington Boulevard
Whittier, California 90606

National iudiovisual Center (03A)
Sales Brench
Washington, D, C. 20409



vt

Sterling Educational Films U. S. Navy

241 East 34th Street Films availadble from the
New York, New York 10016 Asgistant for Public Affairs of

" your Naval District, or from the
Sterling Movies National Audiovisuul Center.
209 W. Jackson Boulevard
Chicago, Illinois 60606 Yalt Disney Productions

" . 477 Madisan Avenue

U. 3. Dopartment of the Interior New York, Now York 10022

Bureau of Sport Fisheries .
and Wildlife
Filos available from your local
Regional Offico.




